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 Chronic disease management can benefit from continuous real time tracking of 
disease relevant biochemical levels using minimally invasive implants. Current methods 
however rely on electrochemical sensing methods integrated into rigid, invasive 
transdermal probes that are expensive, short lived, and require frequent calibration. The 
development of new optically interrogatable sensing methods that can be housed in soft 
biocompatible hydrogel matrixes and implanted subcutaneously can provide a means to 
extend biosensor life, reliability, and comfort.  
 This work demonstrates the development of pH responsive surface enhanced 
Raman spectroscopy (SERS) assays using 4-mercaptobenzoic acid (MBA) capped gold 
nanoparticles (AuNP). By encapsulating MBA-AuNPs into polyelectrolyte multilayer 
(PEM) microcapsules (MCs) and then casting MCs into a bulk hydrogel matrix, a soft 
biocompatible sensor that exhibited pH sensitivity and reproducibility in SERS 
scattering signal could be developed. To extend this sensing approach to more relevant 
analytes, enzymatic glucose sensors were prepared with MBA-AuNPs co-encapsulated 
with glucose oxidase (GOx). SERS spectra recorded from the hydrogels exhibited 
apparent trends of decreasing pH from 6.50 to 4.50 due to glucose oxidization within the 
microdomains. 
 To demonstrate multi-modal sensing capabilities with these SERS approaches, 
pH and oxygen sensitive microdomains were integrated into a single hydrogel that could 






The PEM nanofilms were effective at minimizing optical interferences by spatially 
separating optical probes. 
 To highlight the benefits of using a PEM MC embedded hydrogel approach, an 
aggregation based SERS assay with metal nanoparticle encapsulation was studied. The 
PEM MCs provide vacant pockets where the aggregation-based SERS assay specifically 
interacts with the analyte, while excluding large proteins which result in non-specific 
aggregation. As a proof of concept, hybridization-based microRNA-17 sensing assay 
was embedded in the PEM MCs. In the presence of large protein molecules, microRNA-
17 sensing PEM MCs exhibited target level dependent SERS signal changes.   
 The above results demonstrate significant advances in enabling SERS sensing 
assays to be integrated into soft biocompatible hydrogels while still retaining selectivity 
and repeatability via the use of PEM MCs. This lays the foundation for developing 
implantable SERS biosensors that can be integrated with other sensing strategies to 
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According to the definition by US National Health Statistics, chronic diseases are 
characterized by a long-lasting condition (longer than 3 months).1 Chronic diseases are 
one of the major causes of mortality. In 2005, 61 % of human death worldwide was 
related to chronic diseases such as cardiovascular diseases, cancer, chronic respiratory 
diseases, diabetes, etc.2 In 2010, approximately 50 % of adults in the United States was 
influenced by one chronic disease while nearly 26 % of adults suffered from two or more 
chronic conditions.3 Health care costs spent on treating patients with chronic diseases are 
becoming a financial burden.4 For example, nearly 300 billion US dollars was spent on 
the Medicare program in 2010. 93 % of this expenditure was used to take care of senior 
citizens (over 65 years old) who have two or more chronic diseases.5  The main 
problematic characteristic of a chronic disease is its resistance to treatment. This means 
that the patients with chronic diseases need to monitor and manage their symptoms 
ahead of time. 
Detection of physiologically relevant biochemicals in patient’s body plays a 
crucial role in the diagnosis and treatment of chronic diseases. Traditional biochemical 
measurements have been performed using laboratory based analytical equipment which 
requires high costs and long analysis time. Moreover, frequent analytical measurements 
are needed for patients to improve the quality of disease treatment. To achieve this, 
biosensors have been utilized over the past decades since Clark and Lyons showed the 






electrode combined with glucose oxidase.6 For example, diabetes patients check their 
glucose levels from a drop of blood extracted from their fingers using lancet devices. 
With such a method, the diabetes patients could access their blood glucose level more 
easily in comparison to visiting a clinical laboratory. However, this method is still 
limited since the diabetes patients obtain only single snap shot of their analytical level. It 
is hard for them to regulate their symptoms without tracking dynamic changes in blood 
glucose level.  
Minimally invasive biosensors can be a solution for this problem since they 
continuously monitor the glucose levels in the interstitial fluid which is highly correlated 
with blood glucose levels. Microdialysis method utilizes an implantable hollow fiber to 
extract interstitial glucose from the subcutaneous tissue.7 An isotonic buffer solution is 
circulated through the implanted fiber. Analyte molecules whose size is smaller than the 
molecular cutoff of semipermeable membrane diffuse from the interstitial fluid to the 
buffer solution, which are then transported to an external glucose sensor. This method 
circumvents a sensitivity degradation issue by implanting a sensing compartment in the 
subcutaneous tissue. Nonetheless, permanent skin puncture and glucose sensing response 
delay need to be overcome for real life applications.8-9 Alternatively, continuous glucose 
monitoring devices (CGMs) have been developed with a subcutaneous electrode. 
Glucose oxidase (GOx) is immobilized in a polymeric layer coated on the subcutaneous 
electrode. The interstitial glucose in the subcutaneous tissue diffuses into the polymeric 
layer and is further catalyzed by the GOx, producing hydrogen peroxide as an enzymatic 






level is generated by the oxidation of the produced hydrogen peroxide. Several types of 
subcutaneous electrodes for glucose sensing have been commercialized after they were 
approved by FDA.10 However, the host response induced by the implantation of the 
electrode, not only requires frequent calibrations with the finger prick method but also 
needs weekly replacement of the electrode.11  
Fully implantable sensors can be alternatives to the commercially available 
minimally invasive methods. The fully implantable sensors are free from serious tissue 
trauma, potential infections, and inflammatory responses since there is no physical 
connection between an interstitial fluid sampling site and an external device. Mortellaro 
and DeHennis reported a clinical glucose sensing in human subjects for 28 days using 
fully implantable optical biosensors.12 An LED excitation source and arrays of Ferrite 
Antenna (for remote power charging and wireless communication) were encased by a 
hydrogel containing a non-enzymatic glucose sensing chemistry. Interstitial glucose 
diffuses through the hydrogel and reversibly bind to boronic acid functional groups of 
fluorescence dyes conjugated in the hydrogel. This glucose binding induces an increase 
in fluorescence through photoinduced electron transfer disruption. However, high power 
consumption due to a LED light source limits the miniaturization of this glucose 
sensor.13  
Soft hydrogel based fully implantable optical biosensors can also be applied in 
continuous biochemical monitoring. Since hydrogels possess tissue like mechanical 
properties, a host response related to mechanical mismatch between skin tissues and 






adopting thermally responsive hydrogels or inverted colloidal crystal hydrogels.14-15 Our 
group has developed enzymatic glucose sensing hydrogels by co-encapsulating GOx and 
oxygen sensitive porphyrin dye in the same matrix.16 When interstitial glucose diffuses 
into the hydrogel matrix where the GOx is immobilized, oxygen is consumed as a result 
of the enzymatic reaction. Therefore, glucose level in the interstitial fluid can be 
accessed by indirectly measuring oxygen concentration using phosphorescence. The 
biocompatibility of this sensor can be further improved by the hydrogel matrix. 
However, such an additional modification can influence the diffusion of analytes via the 
matrix. By isolating the sensing compartment into microdomains dispersed in the 
hydrogel, we can independently control the biocompatibility and the analyte transport 










These microdomain-based hydrogels were combined with phosphorescence-
based oxygen sensing chemistry to measure dissolved oxygen and/or glucose. In 
addition, this unique hydrogel structure also finds attractive applications in other sensing 
chemistries especially that based on SERS. Nanofilm microdomains prevent SERS 
active nanoprobes with potential toxicity from leaching to the body. On the other hand, 
the nanofilm microdomains also exclude large biomolecules which may interfere with 
SERS signals to enter the hydrogel. Moreover, by embedding SERS based and 
phosphorescence based sensing chemistries in discrete microdomains, multimodal-
mulitanalyte sensing hydrogel sensors can be synthesized.  
The contents in this dissertation have been organized to depict the development 
of unique SERS based hydrogel biosensors and to describe the practical knowledge 
necessary to encapsulate aggregation based SERS sensing assay in microdomains. 
Section 2 describes the backgrounds for this work: theoretical overviews of optical 
sensing modalities, other prior works in glucose sensing, and other hydrogel based SERS 
sensor designs. Moreover, each section contains more detailed background for the 
specific study. Section 3 describes the material characterization of hydrogel sensors and 
the development of multimodal (SERS/phosphorescence) hydrogel sensors. Section 4 
illustrates the development of enzymatic glucose sensing hydrogels using pH sensitive 
SERS probes; a portion of this section was published in the Proceeding of IEEE Sensors 
and IEEE Sensors Journal. In Section 5, the encapsulation of hybridization-based 
microRNA-17 sensing assay in microdomains is presented to prove the feasibility of 






this section was published in the Proceeding of SPIE. Finally, Section 6 depicts the 
optimization of experimental method to synthesize an aggregation based nanoparticle 
assay with aptamers which can be potentially embedded in the microdomain based 










The main goal for this work is to develop a hydrogel based SERS sensor which 
can be used for minimally-invasive small molecule monitoring. For example, by 
incorporating SERS based pH sensing hydrogel with glucose-sensitive enzyme, glucose 
concentration can be indirectly monitored using external optical devices. Such hydrogel 
based SERS sensors are designed to be implanted subcutaneously. The external optical 
glucose reader can continuously interrogate glucose concentration in the interstitial 
fluids near the implanted SERS based hydrogel sensor. As the development of these 
sensors depends on certain fields of knowledge such as materials science and optics, it is 
crucial to understand related theories and previous works from other research groups. 
Thus, a review of non-invasive glucose monitoring technologies which compete with 
minimally-invasive glucose sensors is presented in this section. The theories of optical 
phenomenon such as Raman, SERS, and phosphorescence lifetime, which can be used as 
potential sensing modalities for either minimally invasive or non-invasive glucose 
sensing are also presented. More importantly, the previous efforts to develop hydrogel 
sensors based on SERS modality are reviewed. In addition, multimodal sensing 
approaches containing SERS sensing are also given. 
 
 Non-invasive biochemical sensing 
Most of commercial biosensors are based on the invasive blood sampling, which 






either reducing the blood sample volume (about few µL) or collecting the blood samples 
from the body areas (i.e. hand, arm, and thigh) more susceptible to pain than finger. In 
case of glucose sensing, minimally invasive methods using interstitial fluids have been 
developed. The glucose level in the interstitial fluids has a strong correlation with that in 
the blood.17 However, the use of subcutaneous electrodes in this approach still causes 
discomfort for the patient. To enhance patient compliance, glucose measurements need 
to be performed non-invasively. Non-invasive glucose sensing can be enabled by 
substituting blood samples with other biological fluids such as urine,18 sweat,19 and 
saliva.20 Even though such fluids can be sampled non-invasively, these approaches are 
suffered by two main limitations. First, the glucose concentration in non-blood 
biological fluids is poorly correlated with that in blood. Second, patients are not able to 
continuously track their glucose levels using non-invasively collected fluids. Therefore, 
for continuous glucose monitoring, measurements need to be performed directly from 
body tissues such as skin,21 tympanic membrane,22 retinal tissue,23 eye iris,23 and oral 
mucosa.24 
The techniques to continuously monitor glucose level from body tissues can be 
categorized into two groups: electrical techniques and optical techniques. 
 
2.1.1. Electrical techniques 
The intrinsic electric/dielectric property of tissues varies with the fluctuation of 
blood glucose level. Bioimpedance spectroscopy utilizes a low-cost LC resonance circuit 






electrodes connected to the skin. The LC resonance circuit measures voltage changes as 
a function of frequency (100 to 100 MHz). The change in blood glucose level results in 
the variations of Na+ and K+ ion concentrations in the red blood cells which in turn 
induces a change in the membrane potential of the red blood cells.25 Therefore, the blood 
glucose level can be estimated by measuring the resistivity and dielectric permittivity of 
the red blood cell membrane using the frequency dependent impedance spectrum. This 
technique was utilized in a wrist band type glucometer, named as Pendra (Pendragon 
Medical Inc., Zurich, Switzerland).26 Nonetheless, this glucometer disappeared from the 
market due to poor reliability and long calibration time (about 60 min). Another 
electrical technique based on the dielectric change in blood is electromagnetic sensing. 
An electromagnetic sensor utilizes eddy currents to measure the conductivity variations 
of the blood, induced by the changes in blood glucose level. The sensor consists of two 
induction coils which are spatially separated in the medium. An AC voltage with a 
frequency of approximately 4 MHz is applied to the primary induction coil as an input 
signal, while the output signal is monitored at the secondary induction coil.27 The output 
signal varies with the blood glucose dependent conductivity fluctuation in the medium. 
The glucose sensitivity of this technique can be optimized by tuning the frequency of 
input signal. However, such optimized frequency has a strong dependency on the 
temperature of the tested medium. Reverse iontophoresis is another electric technique 
which is not based on measuring the intrinsic dielectric parameter change in tissue but 
on directly measuring extracted glucose through the epidermis surface. Two electrodes 






between the cathode and the anode, sodium ions are attracted to the iontophoretic 
cathode, generating an electric current.28 Such ion migration results in electro-osmotic 
flow which transports the interstitial glucose to the iontophoretic cathode where 
electrochemical enzymatic glucose sensor is located. This technique was adopted by the 
GlucoWatch (Cygnus Inc., Redwood City, CA, USA), which was clinically approved by 
FDA in 2001.29 Even though the device is based on measuring interstitial glucose which 
is strongly correlated to blood glucose, it was withdrawn from the market due to skin 
irritation and long warming-up time. 
 
2.1.2. Optical techniques 
Near infrared (NIR) absorption spectroscopy is a well-established analytical 
method to quantify the glucose concentration in the tissue. The magnitude of 
characteristic glucose absorption peaks can be used to track the blood glucose level.30 In 
this technique, a laser with wavelengths between 750 and 2500 nm is focused on the 
body tissues providing a penetration depth of 1-100 mm.31 This wavelength range is 
selected owing to a comparably weak light absorption by water in that range. A 
photodetector measures the intensity variations of reflectance and transmittance in the 
body tissue. The absorption and scattering coefficients of the tissue are affected by the 
change in glucose concentration. One of main drawbacks of this method is that the 
glucose signal is interfered by the stronger NIR bands of skin tissue, proteins, and 
hemoglobin. Moreover, this method is quite limited since it is affected not only by 






interference issue, middle NIR (MIR) excitation source (2500 to 10000 nm) is 
employed.32 When the excitation wavelength is increase to the MIR range, the scattering 
from interfering species diminishes while the width of glucose peak becomes narrower 
in comparison to the MIR range. As the penetration depth of MIR (about few 
micrometer) in the skin tissue is much shorter than that of NIR, transmission based 
measurement cannot be performed with this approach. Alternately, attenuated total 
reflection (ATR) is adopted to increase the light penetration through the skin tissue. The 
ATR is based on total internal reflection of light through a crystal. When the crystal is in 
physical contact with the surface of skin, the electromagnetic field induced by the 
reflected light interacts with the interstitial glucose in the dermis.33 However, the glucose 
monitoring with MIR has a strong dependency on the water content in the skin.34 
Thermal emission spectroscopy is another IR based non-invasive glucose sensing 
technique. Instead of measuring how external IR light interacts with blood glucose in the 
tissue, this technique measures IR radiation emitted from the body. Characteristic 
thermal IR radiation is affected by the change in glucose concentration in the tissue. The 
device structure of thermal emission spectroscopy is similar to that of a tympanic 
membrane thermometer. However, in the case of thermal emission spectroscopy, the IR 
wavelengths for characteristic glucose fingerprint (9.8 and 10.9 µm) are also added. 
Tympanic membrane is optimal for glucose measurement since optical path between the 
blood vessel and the IR detector is smaller than any other body parts. Although this 
technique showed good measurement reproducibility, it still suffers from the noises due 






Optical polarimetry is also employed to non-invasively measure glucose level in 
the body tissue. Optically active molecules such as glucose rotate the linear polarization 
vector of incident light. Nonetheless, the high scattering nature of the skin completely 
depolarizes the incident beam. Hence, the humor of the eye is considered as an alternate 
optimal target because it contains an optically clear medium. Moreover, the glucose 
level in the humor of the eye corresponds to that in the blood with a maximum time lag 
of 5 min.37 Unlike other optical techniques, the optical polarimetry is not influenced by 
physiological conditions including pH and temperature.38 This technique possesses some 
obstacles like optical artifacts due to the eye movement, safety concerns for light 
exposure to the eye, and optical noises from other optically active substances in the 
aqueous humor. In addition to optical polarimetry, Raman spectroscopy can be also 
utilized to monitor the glucose concentration in the humor of the eye. In comparison to 
NIR spectroscopy, the Raman spectroscopy has two main advantages: the Raman signal 
of water is weaker than that of Raman active analyte and the Raman vibrational band of 
the analyte are narrower.39 Therefore, the characteristic Raman peaks of glucose are 
easily discernible from those of other substances. Lambert et al. reported successful 
Raman measurement of glucose in human aqueous humor using a 785 nm laser.40 Due to 
the low efficiency of Raman scattering, a relatively long spectral collection time is 
necessary for this technique. Such a long exposure of laser may cause photothermal eye 
damages. 
Overall, most of non-invasive glucose sensing techniques are limited by low 






and techniques to solve this problem. In addition, the miniaturization of measurement 
devices is essential for patients to monitor their blood glucose levels continuously. 
 
 Raman scattering 
In 1928, Raman and Krishnan first observed the energy difference between 
incident photons and scattered photons from molecules in both liquid and vapor 
phases.41 When light is irradiated to electrons, atoms, or molecules, it is scattered 
randomly in all directions.42 The energy of photons in scattered light can be either same 
as or different from that of incident photons. The scattering process in which photons 
retain their initial energy is called Rayleigh scattering (or elastic scattering) while the 
other process is called Raman scattering (or inelastic scattering). The Raman scattering 
is categorized into two types of spectral transitions: Stokes scattering and anti-Stokes 
scattering. As illustrated in Figure 2-1, in the process of Stokes scattering, the incident 
photon interacts with a molecule at the ground state. Some energy of the incident photon 
is transferred to the molecule, thus elevating the energy state of the molecule. On the 
other hand, in case of anti-Stokes scattering, the incident photon interacts with a 
molecule which is already in the excited state. The energy of excited molecule is 
transferred to the incident photon while the molecule goes back to its ground state. The 
amount of energy difference in Raman scattering process (energy gain or loss) is 
equivalent to rotational or vibrational energy level of the molecule.43 The population of 
energy states of molecules follows the Boltzmann distribution.44 Molecules have a 











Figure 2-1. Schematic diagram of Raman scattering processes. 
 
 
Raman scattering can be explained by the interaction between electromagnetic 
field and the polarizability of a molecule.45 When an external electromagnetic field (E) is 
applied to a molecule, an induced dipole moment is created on the molecule (µinduced) 
which is proportional to the polarizability of the molecule (αmolecule): 






The polarizability of the molecule in this equation indicates the degree of distortion of 
electron cloud around the molecule. A molecular vibrational band is Raman active only 







where q and 0 represent the normal coordinates for the molecular motion of a normal 
vibration and equilibrium state, respectively.46 The symmetry of a molecule is another 
parameter that determines whether a molecular vibrational band is Raman active or not. 
If a molecule has a symmetric center, any normal vibrational mode of the molecule 
cannot be both Raman and IR active.47 Vibrational modes that involve polarizability 
modulation is Raman active while those with dipole moment modulation is IR active. 
Raman scattering is much less intense than Rayleigh scattering since only one in 
106 – 108 scattered photons takes part in the Raman scattering process.48 The intensity of 
Raman scattering can be depicted as: 
I =  𝐾𝑙𝛼2𝜔4 
where K is the speed of light, l is the power of incident light, α is the electron 
polarizability in a molecule, and ω is the frequency of the incident light. 
 
 Surface enhanced Raman spectroscopy (SERS) 
In 1977, Jeanmaire and Van Duyne first discovered SERS phenomenon.49 They 
showed that the Raman signal from molecules that are absorbed on the roughened silver 






SERS effect with various SERS substrates such as roughed metallic electrodes,50-51 
plasmonic nanoparticles,52-53 plasmonic nanoshells,54-55 metal film over nanospheres 
(MFONs),56-57 nano-patterned plasmonic structures.58-60 When a molecule is held in the 
vicinity of a SERS substrate surface, Raman signal of the molecule is extremely 
enhanced. Such signal enhancement can be understood by two mechanisms: chemical 
enhancement and electromagnetic enhancement. 
Chemical enhancement, also known as charge transfer enhancement, occurs 
when molecules absorb directly on the SERS active surface. The formation of adsorbate-
metal complex elevates molecular polarizability due to the interaction between 
molecular orbitals of the molecules and conduction band electrons of metal.61 In this 
case, an electron in the Fermi level of the metal transfers to the lowest unoccupied 
orbital (LUMO) of the molecules. Such an electron transfer is in a resonance with the 
frequency of incident photon. Then the electron in the LUMO level of the molecule 
relaxes back to the Fermi level of the metal. This whole electron transfer process results 
in the enhancement of Raman signal due to the increase in molecular polarizability. The 
enhancement factor for chemical enhancement process was calculated to be 100 – 102 
both theoretically and experimentally.62 
In order for the molecule to experience electromagnetic enhancement, two 
requirements need to be satisfied. First, the molecule needs to be located within close 
proximity to a metal surface. Second, there needs to be a coupling between a metal 
nanoparticle and incident light.63  Collective oscillation of conduction electrons of the 






resonance with the frequency of incident light. Such a resonance is referred as localized 
surface plasmon resonance (LSPR). When an electromagnetic field is applied to a 
spherical metal nanoparticle, the electromagnetic field at the surface of the metal 
nanoparticle can be expressed as 




where E0 is the total electromagnetic field at a distance d from the metal nanoparticle 
surface, r is the radius of the metal nanoparticle, θ is the angle relative to 
electromagnetic field direction, and g is a constant which is a function of the frequency 





where ωL represents the frequency of incident light. ε0 and ε1 denote dielectric 
permittivities of the medium surrounding the metal nanoparticle and of the metal 
nanoparticle, respectively.48  At the plasmon resonance frequency, ε1 becomes close to -
2 resulting in the maximum of g. Therefore, at that frequency, the surface plasmon 
excitation enormously enhances the local electromagnetic field around the surface of the 
metal nanoparticle. The electrons in the molecules present at the vicinity of metal 
nanoparticle surface are more polarized by the enhanced local electromagnetic field. 
Such intensified polarization results in the amplification of Raman scattering of the 
molecule. The enhancement factor of electromagnetic enhancement was reported to be 







 Phosphorescence lifetime 
When a molecule absorbs a photon, it is excited from the ground state (S0) to 
high energy singlet states (either S1 or S2) as shown in Figure 2-2. A molecule at any 
higher vibrational level in S1 loses energy through vibrational relaxation process to reach 
the lowest vibrational level of S1. A molecule in state S2 undergoes vibrational relaxation 
to its lowest vibrational level in state S2 and then transits to the highest level in S1 
through internal conversion process. The molecule then reaches the lowest level of S1 
after several steps of vibrational relaxation. Both vibrational relaxation and internal 
conversion are nonradiative processes. Two main emission processes from S1 to the 
ground state (S0) are fluorescence and phosphorescence. In the fluorescence, the 
molecule at S1 state relaxes back directly to S0 state, releasing a photon of energy equal 
to the energy difference between those two states. Fluorescence has a high chance of 
occurrence compared to phosphorescence since there is no change in the spin 
multiplicity. The fluorescence lifetimes are about 1 to 100 ns.65 In the case of 
phosphorescence, the molecule at the lowest level in the S1 state transfers to the highest 
level of triplet state (T1) by nonradiative intersystem crossing. This transition is less 
probable since it involves a change in the spin multiplicity. The molecule then goes 
through vibrational relaxation until it reaches the lowest level of T1. The energy state of 
T1 is lower than that of S1 and the molecule in the T1 state returns to the ground state (S0) 
by emitting a photon. This molecular transition from T1 to S0 is forbidden.
66 Thus, 
phosphorescence lifetime is much longer than fluorescence lifetime (approximately from 






instance, the phosphorescence of oxygen sensitive phosphor can be collisionally 
quenched by molecular oxygen. Since collisional quenching is a diffusion-limited 
reaction, it can be described by the Stern-Volmer relationship:67 
𝜏0
𝜏
=  1 + 𝑘𝑞𝜏0[𝑂2] = 1 + 𝐾𝑆𝑉[𝑂2] 
where τ0 and τ represent phosphorescence lifetime in the presence and absence of the 
molecular oxygen, respectively, kq denotes the bimolecular quenching constant, KSV is 
the Stern-Volmer quenching constant, and [O2] is molar oxygen concentration. In case of 





(𝑅𝑃 + 𝑅𝑄)(𝐷𝑃 +𝐷𝑄) 
NA is Avogadro’s number, fq is the efficiency of collisional quenching, RP and RQ are 
the radii of phosphor and quencher, respectively, and DP and DQ are diffusivities of 
phosphor and quencher, respectively. With the fixed experimental condition, 
bimolecular quenching constant (kq) is constant and reflects quenching efficiency or the 







Figure 2-2. Jablonski diagram. 
 
 
 Direct SERS sensing 
Direct SERS sensing is based on the intrinsic Raman signature of analytes. When 
an analyte is placed in the vicinity of a plasmonic metal surface, the Raman signal of the 
analyte is amplified by the strong local electromagnetic field. The intensity of the 
amplified Raman signal, known as SERS signal, is used to quantify the concentration of 
the analyte. The simplest direct SERS sensing can be performed by placing the analyte 
in close proximity to the unmodified SERS active substrate. The Raman active analyte 






namely, physisorption, chemisorption, and electrostatic attraction. Most molecules are 
physisorbed on the surface through dipole-dipole, dipole-ion, and dispersion (London 
force) interactions. The molecules functionalized with either cyanide or thiol groups are 
chemisorbed on the plasmonic metal via covalent bonding.69-70 Charged molecules 
containing ammonium and carboxyl groups tend to adsorb onto the noble metal surfaces 
through electrostatic interactions. Moreover, the surface of SERS substrate can be 
functionalized with appropriate functional groups if the molecules have low affinities to 
the plasmonic metal surface. For instance, in order to detect non-polar organic molecules 
like polychlorinated biphenyl (PCB) or polycyclic aromatic hydrocarbon (PAH), the 
plasmonic metal surfaces are functionalized with non-polar organic ligands.71-72   
 
 Hydrogel based SERS sensors 
The immobilization of plasmonic nanoparticles in the hydrogel matrix can be an 
innovative solution for in vivo SERS sensing. Biocompatible hydrogel scaffolds possess 
tissue like mechanical properties. Biofouling effect can be minimized by modifying the 
surface functionality of hydrogels. In addition, hydrogels can protect surrounding tissues 
from potential toxicity of plasmonic nanoparticles. The most common synthetic method 
for SERS sensing hydrogels is attaching nanoparticles directly to the hydrogel matrix. 
For example, Kim et al. encapsulated gold AuNPs in semipermeable microgels which 
filter relatively large biomolecules allowing small analyte of interest diffuse through 
hydrogel matrix and then interact with SERS active AuNPs.73 Moreover, the size-cutoff 






This approach has the potential to provide a means of detecting Raman active small 
biomarkers in biological fluids without sample pre-treatment. However, the types of 
detectable analytes are limited since such SERS based hydrogel systems are only 
dependent on direct SERS sensing mechanisms. Another strategy to build SERS based 
hydrogel sensors is by incorporating Raman dye conjugated nanoparticles with stimulus 
responsive hydrogel scaffolds. Mitomo et al. controlled the dynamic gap of plasmonic 
nanomaterials in hydrogels by using salt concentration dependent hydrogel volume 
changes.74 By alternatively exposing the hydrogels to DI water and NaCl solution, 
reversible LSPR shifts due to dynamic gap changes were also achieved. Through such 
reversible volume expansion of the hydrogels the trapping efficiency of relatively large 
target molecules in hot spots was increased significantly showing significantly improved 
SERS sensitivity. This approach has the advantage of sensing relatively large molecule 
such as biomolecules which cannot be trapped in small nanoparticle gaps. Overall, these 
hydrogel based sensing approaches are limited, since additional Raman background is 
always arising from the matrix employed. In addition, nanoparticle aggregation based 
assays with high target sensitivity and selectivity cannot be encapsulated in these 
hydrogel structures. 
 
 Multimodal sensing 
Multimodal sensing containing a SERS modality is a relatively new field of 
technology and has been mainly focused on cellular imaging research.75 One of the 






several advantages over fluorescence owing to narrower signal bandwidth facilitating 
multiplexing ability. In the other hand, fluorescence provides a faster imaging capacity 
with higher sensitivity compared to SERS. Therefore, by combining the advantages of 
both optical modalities synergistically create a powerful analytic tool. Recently, SERS-
fluorescence encoded particles (SFEPs) have been developed for dual modal bio-sensing 
and imaging applications.76-78 These SFEPs initially utilize fluorescence modality for 
rapid imaging and SERS modality for detailed multiplex imaging. There are two main 
structures for the SFEP. First, single metal nanoparticle core conjugated with SERS 
active molecules and subsequently coated with silica nanoshell. Finally, fluorophores are 
decorated on the silica nanoshell surface.79 Second approach is inverse structure of the 
first method, where individual fluorescent up-conversion nanoparticles (UCNPs) are 
used as the core.80 In this case, silica nanoshell is formed onto the UCNP, followed by 
attaching SERS active molecule decorated metal nanoparticles. Some of the main 
challenges for using the SFEP for multimodal sensing are fabrication complexity, 
potential fluorescence quenching by non-radiative energy transfer between fluorophore 




Several non-invasive glucose sensing approaches have been attempted with 
various electrical and optical techniques. However, the major disadvantage of these 






problem, a minimally invasive approach using hydrogel implants can be used for 
continuous glucose monitoring. SERS provides high signal amplification due to the 
LSPR effect. By adopting SERS into these hydrogel implants, the continuous glucose 
sensing with high sensitivity can be achieved. In the following sections, the glucose 
sensing with SERS based hydrogel sensor will be presented. In addition, to achieve dual 
modal glucose sensing, phosphorescence lifetime based oxygen sensing compartment 
will be combined with the SERS based hydrogel sensor. Such dual modal glucose 
sensing hydrogels can be potentially implanted in the dermis of diabetic patients 
providing redundant glucose measurement for error-checking over time. Moreover, 
SERS sensing with aggregation based nanoparticle assay will be also explored to 












Multimodal sensing refers to the coupling of multiple measurement modalities—
particular methods or procedures—into a single system. By combining two methods, 
complementary data may be obtained from a common sample, enhancing both the 
quantity and quality of information collected. This concept is well known in the 
analytical arena, where “hyphenated techniques” typically involve the combination of a 
separation technique (chromatography) and a detection method (spectroscopy).81 
Multimodal imaging is also frequently referenced in the microscopy and medical 
arenas,82 where combinations such as positron emission tomography and X-ray 
computed tomography (PET-CT) are available even as commercial instruments.83  
However, such multimodal analysis is less commonly applied to the arena of sensors and 
monitoring systems, where the focus is on accurate detection and/or continuous 
observation of one or more molecules of interest. 
Chemical sensors and biosensors typically require use of specialized materials at 
the interface of the sample of interest and the measurement system, which act to 
transduce and in some cases amplify the target analyte into a measurable quantity with 
specific electrical, mechanical, optical features.  Historically, this has been involved use 
of a single measurement modality because of the complexity involved with sensor 






sensor deployment, an interest in sensor networks/fusion has led to the concept of 
combining measurements from an array of devices involving multiple measurement 
modes that together produce a pattern of response that enhances the characterization the 
state of the observed sample—additional properties, increased accuracy, etc.  Such 
approaches are applies to sensor networks and sensor fusion aspects commonly found in 
robotics, autonomous vehicles, and smart structures.84 
In the current sensor network/fusion paradigm, it is the individual output signals 
from many discrete sensors that are combined. Rarely has the concept of multimode 
transducers been discussed. The specific rationale for a material that serves to transduce 
and/or amplify multiple signals arises from the desire to improve accuracy of 
measurements using complementary, partially orthogonal methods. The more general 
rationale is simply endowing a capability for multiparametric sensing/monitoring the 
material environment. Some examples include combinations of multiple electrochemical 
modes (e.g. amperometric and stochastic)85, and a single photonic sensor configurable as 
a photodetector in the absorptive mode and as a pyrodetector in the photonic sensor 
mode.86 
In this paper, we describe what we believe is the first development of composite 
responsive materials designed to generate signals for a combination of surface enhanced 
Raman spectroscopy (SERS) and phosphorescence lifetime measurements of small 
molecule targets. These techniques are complementary in terms of interactions with 
samples and measurement techniques, making their combination attractive but also 






spectroscopy (SERS) has been extensively studied in the fields of biomedical research 
owing to its exquisite sensitivity for detection of a broad class of molecules.88-89 The 
extremely high measurement sensitivity is achieved using plasmonic nanosurfaces that 
produce a strong electromagnetic interaction with an adsorbed Raman-active molecule. 
90 This phenomenon has been well-studied and is generally accepted as a means to 
locally amplify both the incident and inelastically-scattered light from the Raman-active 
molecule resulting in a signal enhancement of a factor of 104 or higher. Furthermore, if 
the Raman active molecule is located in hotspots between two plasmonic surfaces, the 
signal can be amplified by a factor up to 1015.91 
Measurement of Raman scattering of molecules interacting with plasmonic 
surfaces is considered a direct sensing approach. Indirect sensing approaches employ a 
Raman-active “probe” molecule which chemically reacts or interacts with the analyte of 
interest, and the probe is attached to the plasmonic surface. In this case, analyte-induced 
chemical changes of the probe molecule result in measurable Raman spectral changes 
for some or all of the vibrational modes. Unchanged vibrational modes may be utilized 
as internal references for ratiometric SERS signals, providing a robust analytical 
approach since it is not dependent upon the concentration and the inhomogeneity of 
plasmonic materials which otherwise cause a large variation of SERS intensity. The 
measurement of small analytes such as pH,92-94 H2O2,
95 H2S,
96 CO,97 NO,98  and 
formaldehyde99 have been effectively demonstrated using such a ratiometric approach. 
Phosphorescence lifetime measurement is another widespread spectroscopic 






by photobleaching or intensity fluctuations in excitation source.100 Similar to ratiometric 
SERS sensing, phosphorescence lifetime-based sensing is also largely independent of 
phosphor concentration and the spatial distribution of phosphor if a global average over 
the illuminated sample is the desired measurement.101 Moreover, using time-domain 
methods, the relatively long lifetime phosphorescence lifetime signals (10s to 100s of 
microseconds) are readily separated from the rapidly-decaying autofluorescence 
background in biological samples (few nanoseconds).102 Hence, oxygen-sensitive 
metalloporphyrin dyes have been successfully used to estimate dissolved oxygen in 
biological samples by monitoring the quenching of lifetime.103-105 Phosphorescence 
lifetime- based sensing of temperature,106 pH,107 and CO2
108 have also been reported. 
While examples of individual and multianalyte sensors employing a single 
measurement mode abound, to our best knowledge a combination of ratiometric SERS 
and phosphorescence lifetime has not been previously discussed or demonstrated. 
Therefore, in this work, SERS and phosphorescence lifetime systems are merged to 
evaluate the potential for multimodal sensing from a single material. This was inspired 
by and leverages advances in separate recent work, wherein hydrogel materials endowed 
with either SERS or phosphorescence lifetime for sensing oxygen and pH, as well as 
glucose and lactate, have been reported.109-112 These studies all employed polymeric 
microcapsules (MCs) that encapsulate the sensing chemistry, which were made by 
taking advantage of the well-established layer-by-layer (LbL) protocol.113-114 
Here, we investigated the potential to create a single material with dual-mode 






combining two different types of microdomain-bound transduction elements—those 
containing either pH-sensitive SERS reporters or oxygen-quenched phosphors—into the 




Figure 3-1. Illustration of hydrogel matrix with embedded microdomains (capsules) 
with random distribution. The capsules contain the chemical-optical transduction 
elements: oxygen-sensitive phosphors and pH-sensitive SERS reporters based on gold 
nanoparticles. The use of different light sources selectively induces emission from the 
different encapsulated components, whereas emission filters and time-gated detection 







The choice of analytes in this case is motivated by the biological importance115 
and relevance to assessing cell health116-117 as well as the further capabilities when pH 
and oxygen sensing are combined with use of oxidoreductase enzymes whose 
byproducts are capable of changing surrounding pH, for instance, glucose oxidase (GOx) 
and lactate oxidase. Specifically, the enzymatic reaction of glucose catalyzed by GOx is 
described by the following chemical reaction: 
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2 + 𝐻2O → 𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐻2𝑂2 
It is important to note that the redundant measurement of glucose can be accomplished 
through dual detection modes applied to monitor this single reaction. Specifically, under 
steady-state conditions with sufficient oxygen and glucose supply, local oxygen 
concentration is depleted in proportion to glucose concentration whereas gluconic acid is 
produced, yielding a lower surrounding pH. 
 
 Experimental section 
3.2.1. Chemicals 
Poly(diallyldimethylammonium chloride) (PDADMAC, average Mw 100-200 
kDa), poly(sodium 4-styrenesulfonate) (PSS, average Mw  70 kDa), sodium carbonate, 
sodium bicarbonate, calcium carbonate, 4-mercaptobenzoic acid (MBA), sodium citrate 
tribasic dihydrate, gold chloride trihydrate, 2-(N-morpholino) ethanesulfonic acid 
sodium salt (MES), tris(hydroxymethyl)aminomethane hydrochloride (TRIS), alginic 
acid sodium salt (from brown algae, ~250 cps for 2 % solution at 25 ºC), dimethyl 






(EDC) were obtained from Sigma (St. Louis, MO, USA). Calcium chloride and D-
glucose anhydrous were purchased from Macron Fine Chemicals (Center Valley, PA, 
USA). Ethanol (200 proof), glucose oxidase (257 U/mg), Pd meso-
tetra(sulfophenyl)tetrabenzoporphyrin (PdPh4(SO3Na)4TBP), and sulfo N-
hydroxysuccinimide (NHS) were obtained from Decon Labs (King of Prussia, PA, 
USA), BBI Solutions (Cardiff, UK), Frontier Scientific (Logan, UT, USA), and Thermo 
Fisher Scientific (Waltham, MA, USA), respectively. 
 
3.2.2. Synthesis of pH sensitive nanoparticles 
Citrate stabilized gold nanoparticles (Citrate-AuNPs, 0.35 nM) were prepared by 
a seed-mediated synthesis method.109 To build a SERS based pH probe the surface of 
gold nanoparticles was modified with a pH-sensitive Raman dye (MBA). 1 mL of gold 
nanoparticle solution was placed in a 2 mL-centrifuge tube. 1 mM ethanolic MBA 
solution (200 µL) was quickly added into the centrifuge tube. The mixture was vortexed 
for 5 min and then centrifuged at 2000 g for 5 min. To eliminate excess unreacted MBA 
molecules, remaining surface modified nanoparticles were washed with 1 mL of ethanol. 
The washed MBA capped AuNPs (MBA-AuNPs) were resuspended in 200 µL of DI 
water. 
 
3.2.3. Encapsulation of sensing probes in microcapsules 
A co-precipitation method was used to entrap the pH sensing nanoparticles in 






Na2CO3 in a 20 mL beaker. To this mixture, 8 mL of 0.25 M CaCl2 was quickly injected 
under vigorous stirring. After the mixture was stirred for an additional 30 sec, 
precipitated CaCO3 MPs were sedimented within 10 min. The sedimented CaCO3 MPs 
were washed with 5 mM sodium bicarbonate buffer at pH 8.0. To form polyelectrolyte 
multilayers (PEMs) on the CaCO3 MPs, the washed CaCO3 MPs were redispersed in 1 
mL of the buffer used for the washing step and then were sequentially exposed to 
PDADMAC and PSS solutions (20 mg/mL) prepared with 5 mM sodium bicaronate 
buffer (pH 8.00). Between each layer-deposition step, excess polyelectrolyte was 
removed by rinsing with 1 mL of 5 mM sodium bicarbonate buffer at pH 8.00. After 10 
bilayers of (PDMAC/PSS) were deposited, 3.3 mg of PEM coated CaCO3 MPs (PEM 
MPs) was mixed with 15 mL of 0.2 M MES buffer at pH 6.20. The mixture was 
incubated for 15 min with gentle nutation. This step was repeated two more times for 
complete CaCO3 core dissolution. The resulting hollow PEM microcapsules (MCs) were 
suspended in 100 µL of DI. The oxygen sensing probe (400 µL of 10 mM 
PdPh4(SO3Na)4TBP solution with DMSO) was also encapsulated in PEM MCs 
following the same protocol described above. 
 
3.2.4. Microporous alginate composite (MPAC) synthesis 
MPAC hydrogels were constructed via the protocol developed by Roberts et al. 
was adopted.118 In the cases of pH sensing hydrogel or oxygen sensing hydrogel, 100 µL 
of PEM MCs encapsulating a sensing chemistry was added to a mixture of 3 w/v% 






solution was completely mixed with 0.5 M MES at pH 5.80 (125 µL). The mixture was 
poured into a U-shaped casting mold made of a 0.03 inch Teflon spacer sandwiched 
between two microscope slides as depicted in Figure 3-2. The slab of hydrogel was 
removed from the casting mold and then stored at room temperature in 10 mM MES 








For dual modality sensing hydrogels, the pH sensing microdomain and oxygen 
sensing microdomain were embedded in the same alginate hydrogel matrix. The only 
fabrication difference for such hydrogel was the preparation of PEM MC solution. 
Initially, 100 µL of pH sensing probe in embedded PEM MCs were mixed with 100 µL 
of oxygen sensing probe contained in PEM MCs. The mixture was centrifuged at 3500 g 






in 100 µL of DI. The resultant PEM MC solution was used to fabricate the MPAC 
structure following the above-mentioned protocol.  
Glucose sensing hydrogels were fabricated to demonstrate glucose sensing with 
two different optical modalities. In this case, GOx was chemically conjugated to the 
alginate matrix. Briefly, 10 mg of GOx was dissolved in 250 µL of alginate precursor 
solution by nutation at 4 ˚C overnight. The prepared alginate solution with GOx was 
used to construct hydrogel sensors with the same method used for the dual modality 
sensing hydrogel. After the hydrogel was removed from the casting mold, it was 
incubated in the same storage buffer solution (45 mL) containing EDC (14 mg) and NHS 
(40 mg) overnight to conjugate GOx to the carboxyl group in the alginate matrix. After 
the conjugation process, the hydrogel was washed 3 times with the storage buffer 
solution to remove unreacted EDC and NHS as well as reaction byproducts. 
It was hypothesized that the spatial separation of sensing elements by isolating 
them within microdomains would minimize chemical and spectral crosstalk between the 
elements for generating Raman scattering and phosphorescence lifetime. To test this 
hypothesis, negative controls (hydrogels containing only SERS pH sensing units and 
others that containing only oxygen sensing units) were also fabricated and their 
sensitivities were evaluated for comparison. To further show the concept of redundant 
glucose sensing via dual optical modalities, glucose oxidase was chemically crosslinked 
into the matrix of hydrogel. The response of this hydrogel to glucose was not only tested 







3.2.5. Transmission electron microscopy (TEM) 
2 µL of stock solution (citrate-AuNPs or MBA-AuNPs) was diluted 50-fold 
using DI water. After 10 min of sonication, the diluted solution (5 µL) was placed onto a 
300 square mesh Cu grid coated with C film (CF-300 Cu, Electron Microscopy Sciences, 
Hatfield, PA, USA). The sample loaded Cu grid was then dried overnight in a desiccator. 
A TEM equipped with a cold field emission gun (HF3300, Hitachi Scientific 
Instruments, Tokyo, Japan) was utilized to characterize AuNPs with an operation voltage 
of 30 kV. 
 
3.2.6. Zeta potential 
Zeta potential measurements were obtained using a ZetaSizer Nano Zen 3600 
(Malvern Instruments Ltd, Malvern, UK). AuNP solutions were diluted with DI water by 
a factor of ten and then transferred to electrophoresis capillary cells (DTS 1070, Malvern 
Instruments Ltd, Malvern, UK) for measurements. 
 
3.2.7. Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDS) 
Diluted PEM MP stock solutions (by a factor of 20) or diluted PEM MC stock 
solutions (by a factor of 50) were dropped directly onto n-type Si wafers, whereas pieces 
of MPAC hydrogels were placed on a carbon tape layer attached on an n-type Si wafer. 
Specimens were air dried for 24 hrs and then sputter coated with 2.5 nm thick Pt/Pd 






(BSE) images of PEM MPs, PEM MCs, and MPACs were then recorded by a field 
emission SEM (JSM-7500F, JEOL, Tokyo, Japan) combined with an EDS analyzer 
(Oxford instruments, Abingdon, UK). The working distance and acceleration voltage 
during the SEM operation were fixed at 8 mm and 15 kV, respectively. All EDS spectra 
were acquired under BSE imaging mode. 
 
3.2.8. X-ray diffraction (XRD) 
Vacuum dried PEM coated MPs were examined by a powder X-ray diffraction 
technique using Cu Kα1 radiation (1.54 Å). 40 kV was applied to an X-ray tube yielding 
an operating current of 20 mA. X-ray intensity was recorded as a function of 2-theta 
(from 20 to 40 °) using a position sensitive X-ray detector (LynxEye, Bruker AXS, 
Karlsruhe, Germany). 
 
3.2.9. Instrumental neutron activation analysis (INAA) 
INAA was utilized to quantify the weight of Au in the pH sensing probe 
containing PEM MPs. Three replicates of PEM MPs (10 mg) were prepared by vacuum 
drying and were then placed in irradiation vials. As a standard material, Au plasma 
standard solution (Specpure, Alfa Aesar, Heysham, UK) was placed onto high purity 
cellulose powder in the irradiation vials followed by heat lamp drying. The samples and 
Au standards were sequentially exposed to a thermal neutron flux at 9.1 × 1012 
neutrons/cm2·s using the TEES Nuclear Science Center’s 1 MW TRIGA reactor at 






purity Ge (HPGe) detector (Ortec, Oak Ridge, TN, USA). Recorded gamma ray spectra 
were analyzed with the NAA software from Canberra Industries (Meriden, CT, USA). 3 
aliquots of oxygen probe embedded PEM MPs (20 mg) were also examined with the 
same INAA method to estimate the weight fraction of Pd in the particles. In this case a 
Pd standard (CPI International, Santa Rosa, CA, USA) was used as a calibrator. 
 
3.2.10. Confocal microscopy 
Differential interference contrast (DIC) and confocal fluorescence microscopy 
images of oxygen sensing hydrogel were collected using an inverted confocal 
microscope (IX81, Olympus, Tokyo, Japan) combined with a spinning disk scanning 
unit (CSU-X1, Yokogawa, Tokyo, Japan). A 445 nm laser was used to excite MCs 
containing PdPh4(SO3Na)4TBP via a 40× oil immersion objective lens (NA=1.3). 
 
3.2.11. Hyperspectral dark field imaging 
A slab of dual modality sensing hydrogel (t = 0.01 inch) was placed on a glass 
slide. After 50 µL of 10 mM MES buffer with 10 mM CaCl2 (at pH 7.00) was added on 
top of the hydrogel slab, the hydrogel was covered with a cover glass. The wet hydrogel 
slab was characterized using an enhanced dark field illumination optical system 
(CytoViva, Auburn, AL, USA) equipped with a commercial microscope (BX51, 
Olympus, Tokyo, Japan) and a full spectrum aluminum halogen lamp. A dark field 
image was captured using an oblique angle illumination method. The reflectance spectra 






were collected in the wavelength range between 430 to 830 nm with 2 nm resolution. 
Spectral angle mapping (SAM) was also performed to trace the location of each sensing 
chemistry material in the dark field image by comparing the reflectance spectrum of 
each pixel in the image with the measured spectrum of the material of interest. 
 
3.2.12. Raman measurement 
A bench top Raman system (DXR, Thermo Fisher Scientific, Waltham, MA, 
USA) was used to record SERS spectra. SERS active samples were excited with a 20 
mW, 780 nm, laser using a 10× objective lens (NA=0.25). For MBA-AuNPs and MCs 
dispersed in solution, the laser was focused on the solution surface. For pH, dual 
modality, and glucose sensing hydrogels, the laser was focused on top of the hydrogel 
placed in the buffer. SERS spectra were collected for 3 sec and for each sample five 
spectra were averaged. Raman background signal was eliminated from each averaged 
spectrum using Crystal Sleuth.119 
To evaluate the pH with SERS, MBA-AuNPs, MCs containing the pH sensing 
probe, pH sensing hydrogel discs, and dual modality sensing hydrogel discs (D=2 mm) 
were exposed to different pH conditions (pH 4.00, 5.50, 6.00, 6.50, 7.00, and 8.50). The 
MBA-AuNPs and the MCs were dispersed in 30 µL of 10 mM MES buffer solutions 
whereas the hydrogel discs were incubated in 300 µL of the same buffer solution 
containing 10 mM CaCl2. After 30 min of incubation, the MBA-AuNPs and the MCs 
were directly injected into the wells of a 384-well plate. The hydrogel discs were 






pH sensing hydrogel discs were also sequentially exposed to two extreme pH 
conditions to test the reversibility of pH sensing. Initially, SERS spectra of the hydrogel 
disc at pH 8.50 were collected following the protocol described above. After the SERS 
measurement at pH 8.50, the discs were removed from the wells and washed three times 
with the same type of buffer at pH 4.00. The washed discs were dipped in 300 µL of the 
same buffer solution for 30 min. The discs were placed into new wells of the 384 well 
plate with the same buffer at pH 4.00 (30 µL). This half cycle of reversibility test was 
repeated 10 times (total 5 cycles). 
Similarly, reversible glucose sensing was tested by exposing glucose sensing 
hydrogel discs alternatively to two extreme glucose concentrations (0 and 400 mg/dL). 
Briefly, the discs were dipped in 300 µL of 1mM Tris buffer with 10 mM CaCl2 at pH 
7.00 for 30 min. 
 
3.2.13. Phosphorescence lifetime measurement 
Discs of hydrogel sensors (D=4 mm; t=0.03 inch) were inserted in a custom 
designed flow-through cell to evaluate their optical responses to oxygen.120 The hydrogel 
discs were exposed to five different dissolved oxygen concentrations (0, 25.9, 51.7, 
103.4, and 206.8 µM) at 37 ˚C. Each dissolved oxygen concentration of 10 mM Tris 
buffer containing 10 mM CaCl2 at pH 7.00 was achieved by purging the mixture of 
nitrogen gas and air using a mass flow controller (1179A Mass-Flo, MKS Instruments, 
Andover, MA, USA). For glucose sensing, 0 and 400 mg/dL glucose solutions were 






were pumped through the flow cell which contained the discs of glucose sensing 
hydrogel at a fixed dissolved oxygen concentration (206.8 µM). All samples were 
excited by a 630 nm LED and resultant optical signals were recorded with a lab-built 
time domain phosphorescence lifetime measurement system.100 
 
 Results and discussion 
3.3.1. Characterization of MBA-AuNPs 
Changes in nanoparticle size and aggregation state due to the surface 
modification with MBA were evaluated by TEM. Figure 3-3A depicts AuNP size 
distribution obtained from 309 particles in TEM images indicating the monodispersity of 
AuNPs. The mean diameter (43.9 ± 4.1nm) calculated from the TEM results is about 
10% smaller than the diameter estimated from reported data estimated by the UV-Vis 
technique.109 In addition to size determination, TEM is used to visualize the difference in 
particle dispersion before and after MBA capping. TEM images (Figures 3-3B and C) 
revealed that citrate-AuNPs are highly dispersed, whereas MBA-AuNPs (Figures 3-3D 
and E) exhibit dimers, trimers or larger aggregates. The colloidal stability of MBA-
AuNPs was also evaluated with zeta potential. As shown in Figure 3-4, the absolute Zeta 
potential of nanoparticles increased from -36.5 to -46.2 mV upon MBA coating. Such 
increase in surface charge after MBA capping enabled nanoaggregates to retain colloidal 







Figure 3-3. Size distribution of AuNPs calculated from TEM data (A) and TEM images 




























Figure 3-4. Zeta potentials of citric acid-AuNPs and MBA-AuNPs (Error bars represent 







3.3.2. Physical characterization of sensing chemistry embedded microparticles, 
microcapsules, and hydrogels 
The pH probe containing PEM MPs, PEM MCs, and MPAC hydrogels were 
examined with SEM and EDS to determine AuNP loading and the formation of desired 
structures. In Figure 3-5A the backscattered electron (BSE) image of PEM MPs 
containing pH sensing probe displays spherical morphology with rough surfaces. 
Analysis of 77 PEM MPs from multiple SEM images gives an average diameter of 4.40 
± 0.39 µm. The spherical structure of CaCO3 implies that the MPs consist of mainly 
hexagonal crystals of vaterite, which is easily dissolved by etchant and therefore desired 
for the MC formation step.121 Apart from topographical information, the BSE mode of 
the SEM also provides compositional contrast to validate effective confinement of 
MBA-AuNP in the PEM MPs. Contrast differences were distinguished in BSE images of 
the PEM MPs (Figure 3-5A). The background appears uniform suggesting evenly 
sputtered Pt/Pd thin nanofilms deposited on the surface of the PEM MPs. Contrasting 
bright spots localized in the PEM MPs correspond to Au, as confirmed by Au footprints 
obtained from EDS spectra. These bright spots therefore correspond to the entrapment of 
MBA-AuNP in the PEM MPs (Figure 3-6A). The spectra (Figure 3-6A and B) also 
identified CaCO3 (Ca/C/O), the sputtered thin film (Pt/Pd), the sample substrate (Si), and 
PSS (S). The BSE image of a PEM MC (Figure 2B) substantiated that 0.2 M MES buffer 
at pH 6.2 completely dissolved the CaCO3 core resulting in hollow structures of MC. 
The MC showed a collapsed feature attributed to SEM sample preparation. The brighter 






(Figures 3-6C and D) confirmed that the CaCO3 core was completely dissolved and that 
MBA-AuNPs were retained within the MC. As illustrated in Figure 3-5C and D, PEM 
MC embedded alginate hydrogel showed microporous morphology on the wrinkled 
surface due to dehydration.118, 120 The lack of bright spots in the alginate matrix and their 
apparent confinement to PEMs demonstrated effective spatial localization, eliminating 






Figure 3-5. Size distribution of AuNPs calculated from TEM data (A) and TEM images 









Figure 3-6. EDS spectra of a PEM MP (A: bright spot, B: dark spot), a hollow 
microcapsule composed of 10 bilayers of PDADMAC/PSS (C: bright spot, D: dark spot) 
and MPAC (E: bright spot in a MC, F: dark spot in a MC); Insets are BSE images where 
EDS spectra were collected in the boxed regions. 
 
 




























































































































Similarly, the oxygen probe encapsulating PEM MPs, MC, and MPAC hydrogel 
were investigated by SEM and confocal microscopy. As shown in Figure 3-7A, spherical 
MPs with fuzzy surface were also formed after the co-precipitation process. The average 
diameter of the PEM MPs was calculated as 4.62 ± 0.42 µm from multiple SEM images. 
BSE images of MC and MPAC hydrogel (Figure 3-7B-D) revealed successful 
formations of hollow MC and microporous hydrogel as intended. Unlike the case of 
MBA-AuNP embedded specimens, the BSE images of PdPh4(SO3Na)4TBP containing 
samples did not show any significantly bright regimes due to the presence of Pd. 
Furthermore, EDS could not confirm the characteristic X-ray peak of Pd (Data not 
shown). Assuming the amount of Pd in the specimens was lower than the detection limit 
using EDS, confocal microscopy was applied to further verify the localization of oxygen 
sensing dyes in PEM MCs. A DIC image of the oxygen probe containing MPAC 
hydrogel (Figure 3-8A) showed a uniform distribution of MCs in the wet alginate 
matrix. In addition, a fluorescence image in Figure 3-8B revealed the successful 
confinement of phosphorescence dye, PdPh4(SO3Na)4TBP, within PEM nanofilm 








Figure 3-7. BSE images of PEM MPs (A), PEM MC (B), and MPAC hydrogel (C and 




Figure 3-8. DIC (A) and fluorescence (B) images of PdPh4(SO3Na)4TBP containing 










For dual modal sensing hydrogel, darkfield microscopy equipped with 
hyperspectral mapping function was used for characterization to simultaneously 
visualize the presence of the pH sensing probe and the oxygen sensing probe. Figure 3-
9A-B illustrates that two different types of MCs are dispersed throughout the crosslinked 
alginate matrix: MCs filled with green dots and separate microdomains filled with 
golden dots. To verify the origins of different colors, reflectance spectra were recorded 
from each color regime, as shown in Figure 3-9C. The spectrum collected from green 
regimes in Figure 3-9A revealed two distinct reflectance minima matching the Soret and 
Q bands of PdPh4(SO3Na)4TBP.
122 On the other hand, the spectrum obtained from the 
golden regimes in the same image showed a surface plasmon resonance (SPR) band of 
AuNP at approximately 800 nm. This observed SPR peak wavelength is longer than 
what Mortimer et al. observed with 20 nm AuNP.123 The redshift of the SPR for MBA-
AuNP can be attributed to larger NPs (43.9 nm) and the formation of aggregation.124 The 
SAM image (Figure 3-9B) revealed that PdPh4(SO3Na)4TBP and MBA-AuNP are 








Figure 3-9. Darkfield image of dual modal sensing hydrogel (A), reflectance spectra of 
oxygen sensitive dye and MBA-AuNP (B), and SAM image of the same hydrogel. Scale 
bars represent 5 µm. 
 
 
3.3.3. Quantitative analysis of sensing chemistry encapsulation 
To evaluate the number of AuNPs, the mass of a PEM MP containing MBA-
AuNP was calculated ignoring the weights of MBA-AuNPs and PEM nanofilms. The 
mass of the MP can be derived as 
MMP = VMP × ρMP 
where MMP, VMP and ρMP represent the mass of the MP, the volume of the MP and the 









































10-11 cm3 from the diameter of the MP (4.40 µm) measured by SEM assuming spherical 









where mV and mC are the weight fractions of vaterite and calcite, respectively; ρV (2.65 
g/cm3) and ρC (2.71 g/cm
3) are defined as the densities of vaterite and calcite, 
respectively. The weight fractions of vaterite and calcite were calculated as 90.2 and 9.8 
wt%, respectively, from XRD data of the MPs (Figure 3-10A) using the Rao’s 
equation.125 Therefore, the density of the MP (ρMP) was determined as 2.65 g/cm
3. From 
the calculated VMP and ρMP the weight of a PEM MP containing MBA-AuNP was 





where mAu and MAuNP are the weight fraction of gold PEM MCs containing MBA-
AuNPs and the mass of a gold nanoparticle (8.55 × 10-16 g), respectively. INAA 
confirmed mAu was 0.993 wt%. Consequently, the number of MBA-AuNPs in a PEM 













The number of PdPh4(SO3Na)4TBP in a PEM MC and its encapsulation 
efficiency were also estimated similarly with the method described above. According to 
the MP diameter (4.62 µm) obtained from SEM images, VMP was calculated as 5.16 × 
10-11 cm3. Based on XRD data (Figure 3-10B) mV and mC were determined as 78.0 and 
22.0 wt%, respectively, resulting in a MP density (ρMP) of 2.66 g/cm
3. Therefore, the 
weight of a PEM MP containing oxygen sensitive dye (MMP) was found to be 1.37 × 10-





















































































































































chemical structure, the number of oxygen dye molecules in a PEM MC is equal to the 
number of Pd atoms per PEM MC. The number of PdPh4(SO3Na)4TBP molecules in a 





where mPd and MPd represent the weight fraction of Pd in PEM MPs and atomic mass of 
Pd (1.77 × 10-22 g), respectively. mPd was estimated as 0.031 wt% from INAA results. It 
followed that a PEM MC contained 2.40 × 108 PdPh4(SO3Na)4TBP molecules and that 
the process yielded 24.9 % of encapsulation efficiency. 
 
3.3.4. SERS based pH sensing of pH probe in free solution, microcapsules, and 
hydrogels 
The SERS spectral changes of the MBA-AuNP in each of the distinct phases was 
investigated: aggregates suspended in solution, within PEM MCs, and finally within 
MPAC hydrogels. As MBA-AuNP was encapsulated within more complex structures, 
the raw spectrum of MBA had a higher baseline due to increased scattering as shown in 
Figure 3-11. Regardless of the environmental complexity of the SERS substrates, all 
SERS spectra exhibited significant Raman fingerprints for the attached MBA molecule 
(Figure 3-12). To evaluate spectral changes due to the different form factors, the peak 
frequencies of MBA Raman bands were calculated and compared (See Table 3-1). 
Having a spectral resolution of 3 cm-1, no significant band shift was observed except in 
the COO- stretching mode. The COO- stretching mode peaks of MBA-AuNP in PEM 






that of free MBA-AuNP in solution. Such blue-shifts may be due to Ca2+ ion-carboxyl 
group incorporation during the CaCO3 dissolution step. The largest peak shift at the 





Figure 3-11. Raw, baseline and corrected spectra of MBA-AuNP (A) in free solution 




































































































Figure 3-12. pH dependent SERS spectra of (A) MBA-AuNP, (B) PEM MCs containing 
MBA-AuNPs, and MPAC hydrogel containing MBA-AuNPs. Insets are magnified 


































































































































Table 3-1. Modes, average diameters, and stock concentrations of citric acid-AuNPs and 









1013 1013 1013 ring deformation 
1077 1077 1078 ring breathing 
1140 1142 1143 CCOO- stretching 
1180 1181 1182 C-H in plane bending 
1422 1428 1430 COO- stretching 
1481 1481 1481 C-H in plane bending 
1587 1588 1587 axial deformation 
1705 1702 1702 C=O stretching 
 
 
To prove this postulation, the SERS peak shift of the carboxyl group related 
Raman band was monitored after adding different concentrations of CaCl2 (1, 10, and 
100 mM) to MBA-AuNPs suspended in 10 mM MES buffer (pH 7.00). For the cases of 
1 mM and 10 mM CaCl2 additions, COO
- peak was shifted to the higher frequency by 5 
cm-1 (See Figure 3-13). The presence of 100 mM CaCl2 resulted in 6 cm
-1 blue-shift. Sun 
et al. reported a similar blue-shift after they added 10 mM Ca2+ into the MBA coated 
3D-nanostructured Au array substrate incubated in DI water at pH 7.00.126 Unlike their 






of Ca2+. This opposite trend can be explained by the presence of buffer salt. The MES 
salt which has a high ionic strength reduces the electric double layer thickness on the 
AuNP surface. Owing to the thinner electric double layer, more Ca2+ ions can interact 










































Figure 3-13. The spectral changes of COO- stretching Raman band due to different 
CaCl2 concentrations (0, 1, 10, 100 mM). All spectra were normalized to the intensity of 
axial deformation Raman band. 
 
 
The response of MBA-AuNP in different form factors to varying pH were also 
evaluated by monitoring the SERS intensity of COO- stretching mode relative to the 
axial deformation mode (I(COO-)/I(axial deformation)). SERS data of five pH-sensitive 






curve (See Figure 3-14A). The 3 σ method was used to calculate sensor parameters, 
which were summarized in Table 3-2.109 There was no noticeable change of analytical 
ranges due to different form factors. Nonetheless, analytical range and pKa were shifted 
toward the more acidic range as environmental complexity of MBA-AuNP increased. 
These shifts are related to strong interaction between COO- group of MBA and Ca2+ ion, 
which is conducive to the deprotonation of MBA carboxyl group. The pH sensitivity of 
MBA-AuNP was increased by approximately 11 and 72 %, as such nanoparticle was 
encapsulated in MCs and MPAC hydrogels, respectively. With no significant value 
change in analytic range due to structural complexity, such sensitivity increases can be 
attributed to the elevation of COO- stretching mode intensity by Ca2+ ion-carboxyl group 
incorporation. In addition, the reversibility of pH sensing with MPAC hydrogels were 
tested by alternately exposing pH sensing hydrogel discs to two extreme pHs (pH 4.00 
and 8.50). The pH sensing with MBA-AuNP embedded MPAC hydrogels was fully 
reversible within 5 cycles, as illustrated in Figure 3-14B. Base on the two-tailed t-test, 
relative SERS intensity of COO- stretching mode at either pH 4.00 or pH 8.50 was not 








Figure 3-14. pH calibration curves of MBA-AuNP in free solution, in PEM MCs, and in 
MPAC hydrogels (A) and SERS ratio change of MBA-AuNP embedded hydrogels with 
five cyclic pH changes (between pH 4.00 and 8.50) (B). Error bars represent 95 % 






































































Table 3-2. Estimated sensor parameters of MBA-AuNP, PEM MCs containing MBA-
AuNP, and MPAC hydrogels containing MBA-AuNP. LLOD, ULOD, and analytical 
range represent lower limit of detection, upper limit of detection, and ULOD-LLOD, 
respectively 
 
 MBA-AuNP MC MPAC 
LLOD [pH] 5.13 4.60 4.39 
ULOD [pH] 8.38 7.80 7.53 
Analytical range [pH] 3.25 3.20 3.14 
pKa [pH] 6.87 6.07 5.68 
Sensitivity [pH-1] 0.036 0.040 0.062 
 
 
3.3.5. Optical sensing with dual modal sensing hydrogels 
The effect on SERS signal of MBA-AuNP due to the co-presence of PEM MCs 
containing oxygen sensitive dyes in the same hydrogel matrix was investigated with a 
confocal Raman system. As shown in Figure 3-15, raw SERS spectrum of dual modal 
sensing hydrogel showed luminescence background, which was caused by 
PdPh4(SO3Na)4TBP. However, all Raman fingerprints of MBA were distinguishable 
over the huge Raman background. Baseline spectrum was successfully estimated using 
Crystal Sleuth.127 Baseline corrected spectra were further used for data analysis. To 
study the effect of luminescence background on SERS based pH sensing, the pH 
sensitivity of dual modal sensing hydrogel was compared with that of a negative control, 






SERS spectra were collected from three hydrogel discs (n=3) punched from single 
hydrogel slab (Figure 3-17A). According to the 3 σ approach, lower limit of detection 
(LLOD) and upper limit of detection (ULOD) of dual modal sensing hydrogel were 
found at pH 4.18 and 7.21, respectively, as summarized in Table 3-3. The analytical 
range of dual modal sensing hydrogel was slightly decreased and shifted toward to a 
lower pH regime compared to that of pH sensing hydrogel. Nevertheless, there is no 
significant difference of pH sensitivity between those two hydrogels (0.064 pH-1 for pH 
sensing hydrogel; 0.065 pH-1 for dual modal sensing hydrogel) according to the two-
tailed t-test (α>0.05). These results suggest that the phosphorescence of oxygen sensing 



































Figure 3-15. SERS spectra of dual modal sensing hydrogel incubated in 10 mM MES 



































Figure 3-16. A pH calibration curve of pH sensing hydrogel. Error bars represent 95 % 





Figure 3-17. (A) A pH calibration curve of dual modal sensing hydrogel. Three different 
hydrogel discs were obtained from single hydrogel slab (n=3). (B) A Stern-Volmer plot 
of dual modal sensing hydrogel. Four different hydrogel discs were obtained from single 




















































Dual modal sensing 
hydrogel 
LLOD [pH] 4.35 4.18 
ULOD [pH] 7.52 7.21 
Analytical range [pH] 3.17 3.03 
pKa [pH] 5.60 5.36 
Sensitivity [pH-1] 0.064 0.065 
 
 
Following the demonstration of SERS based pH sensing with dual modal sensing 
hydrogel, the oxygen sensing ability of such hydrogel was also evaluated by comparing 
its sensitivity with that of oxygen sensing hydrogel. Oxygen concentration dependent 
optical signal changes were quantitatively evaluated with Stern-Volmer equation: 
τ0
τ
= 1 + KSV[O2] 
In this relationship, τ0 and τ are phosphorescence lifetimes with and without oxygen, 
respectively; KSV is Stern-Volmer quenching constant and [O2] is oxygen concentration. 
To build Stern-Volmer plots, normalized phosphorescence lifetime (τ0/τ) were recorded 
with three different discs (n=3) obtained from a slab of hydrogel by varying oxygen 






sensing hydrogel). The average KSV values for both hydrogels were found to be 0.009 
µM-1. The KSV values of our sensors were about three times lower than those of similar 
MPAC hydrogels containing Pd-meso-tetra (4-carboxyphenyl) porphine (PdTCPP).120 
However, our MPAC hydrogels did not decrease in oxygen sensitivity at higher oxygen 
concentrations (>100 µM) as seen with MPAC hydrogels containing PdTCPP. 
Moreover, from the result of two tailed t-test, it was concluded that KSV of dual modal 
sensing hydrogel was not statistically different from that of oxygen sensing hydrogel 
(α>0.05). It has been reported that the SPR of plasmonic metal surface enhances the 
phosphorescence of porphyrin dye when the dye is located in the vicinity of the metal 
surface.128-129 In the case of dual modal sensing hydrogel, the oxygen sensitivity change 
due to such phosphorescence enhancement was not observed. This result can be 
explained by the fact that the porphyrin dye in dual modal sensing hydrogel is spatially 

















Figure 3-18. A Stern-Volmer plot of oxygen sensing hydrogel. Error bars represent 95 
% confidence intervals. Three different hydrogel discs were obtained from single 
hydrogel slab (n=3). 
 
 
To test the viability of enzymatic sensing with dual optical modes, enzyme was 
incorporated into the dual modal sensing hydrogel. As a proof of concept, GOx was 
chemically crosslinked in the matrix of alginate hydrogel whereas each sensing 
chemistry was embedded in discrete MCs. SERS based detection mode indirectly 
measures surrounding glucose concentration by monitoring local pH change in the 
microdomains due to gluconic acid production.109 As illustrated in Figure 3-19, as 
glucose level was increased from 0 to 400 mg/dL, the relative SERS intensity of COO- 






the MCs. On the other hand, phosphorescence based detection mode allows indirect 
glucose measurement through estimating O2 consumption in the MCs.
120 
Phosphorescence lifetime elevated because of higher O2 consumption (lower O2 level) as 
glucose concentration was changed from 0 to 400 mg/dL (See Figure 3-19). Redundant 
glucose measurements from a single hydrogel can be achieved by combining these two 
optical modes. It is noteworthy that the dual optical modes with inverse glucose 
sensitivity can provide an improved accuracy and a means of sensing failure detection 
owing to measurement redundancy. In addition, the reversibility of glucose sensing with 
dual optical modes were also tested by exposing the discs of glucose sensing hydrogel 
alternatively to 0 and 400 mg/dL glucose. As described in Figure 3-19, both optical 
modes successfully tracked the changes in glucose concentration for up to 3 cycles. For 
each optical mode, any statistically significant difference was not observed in the optical 
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Figure 3-19. SERS ratio change of glucose sensing hydrogels (three different hydrogel 
discs were obtained from single hydrogel slab; n=3; red dashed line) and 
phosphorescence lifetime change of the same hydrogels (three different hydrogel discs 
were obtained from single hydrogel slab; n=3; blue dashed line) with three cyclic 





Microdomain-embedded hydrogels designed to produce both ratiometric SERS 
and phosphorescence lifetime responses to model target analytes were demonstrated. 
Encapsulating pH sensing and oxygen sensing components into segregated 
microdomains distributed in a hydrogel matrix allowed use of the discrete domains to 
individually analyze pH and oxygen using the dual sensing nature of the material. The 






modality controls indicated an absence of confounding spectral interference between the 
two chemo-optical transducers integrated into a matrix, suggesting potential to expand 
this concept to a broader scope of transduction elements. Further, the individual 
microcapsule sensors exhibited sensitive and reversible responses to different aspects of 
a localized reaction driven by an enzyme incorporated into the matrix. This supports the 
prospect of using such embedded components to endow materials with multiple 
reactive/responsive properties in a highly controlled manner. Such a capability opens up 
possibilities for incorporating complementarily-, redundantly, and/or orthogonally-
functional elements to increase reliability, enhance efficiency, expand utility, and 










4. SERS-ACTIVE SMART HYDROGELS WITH MODULAR MICRODOMAINS: 
FROM pH TO GLUCOSE SENSING* 
 
 Introduction 
The characteristic of SERS based systems is the strong wavelength dependence 
of the SPR, which may be controlled by varying the shape, composition, aggregation 
state,130 and structural anisotropy131 of particular importance for applications where the 
light must penetrate turbid samples such as biological tissue, which exhibits wavelength-
dependent absorption and scattering properties. A number of different strategies have 
been explored both theoretically and experimentally to control and maximize the local 
SPR effect, including various materials and structures. These may be broadly 
categorized into nanoparticles and nanostructured surfaces. Nanoparticles of many 
compositions and 3D structures have been demonstrated as effective in enhancing 
intensities of Raman-active molecules; examples include gold, silver, copper and 
spheres, rods, stars, urchins, advantages of relatively facile and efficient solution-phase 
flowers, onions, etc.88, 132-137 These nanomaterials offer typical advantages of relatively 
facile and efficient solution-phase synthesis, high surface area, and excellent sensitivity; 
by modifying their surfaces with ligands specific to target molecules (e.g. antibodies, 
aptamers, synthetic receptors), these become highly-selective assays based on changing  
  
*© [2017] IEEE. Reprinted, with permission, from [You, Y. H.; Nagaraja, A. T.; Biswas, A.; Hwang, J. 








SPR and/or SERS signals. These have been reviewed recently and need not be discussed 
in detail here.138 What is important to appreciate in this context is that nanoparticle 
systems all suffer from the same limitations in terms of potential for use in sensor 
devices: they are “free-floating” colloidal suspensions that were designed as single-shot 
assays and, therefore, they must be physically immobilized within or on the surface of a 
supporting material to be used in continuous monitoring. 
Nanostructured surfaces overcome some of the limitations of the nanoparticles, 
as these are fabricated on bulk substrates that may be continuously exposed to a sample 
of interest for continuous readout. Some very elegant designs have been realized to 
achieve excellent SERS performance. The metal film on nanospheres (MFONs) 
architecture is the one of the most popular for nanostructured SERS substrates. MFONs 
are fabricated by depositing a metal thin film on a layer of closed-packed 
nanoparticles.56 Due to the periodic structure, MFONs yield a strong SERS 
enhancement; the enhancement factor can be engineered by controlling metal thin film 
thickness, nanoparticle size, and the distance between neighboring nanoparticles.139 
Moreover, the surface of MFONs can be easily modified with self-assembled layers 
(SAMs) to attract multiple analytes in the vicinity of the metal surface.140 There are other 
approaches using nanolithography such as embossed nanostructure patterns prepared by 
e-beam141 and array of nanoholes fabricated by focused ion beam (FIB).142 Similar to 
MFONs, these SERS substrates provide good reproducibility and uniformity having 






fabrication process and high cost act as a hurdle for this SERS substrate to be applied to 
many sensor applications. 
When it is necessary to continuously monitor composition or sense specific 
analytes in aqueous media, as is the case in many real-world situations in environmental 
and biomedical fields, some basic requirements must be met. Such devices must provide 
fully-reversible behavior with low drift (i.e. low fouling), low background signals from 
surrounding media (high signal-to-noise ratio), and some means of selective response to 
the target species. Additional constraints of biocompatibility (non-toxic, non-reactive) 
are presented when the sample is biological in nature or influence (cell culture, ponds, 
living organisms, etc.). Finally, if considered for use inside of living organisms, even 
more stringent biocompatibility requirements hold: materials generally must be soft to 
match the surrounding tissue, non-immunogenic, and low-fouling and must further be 
designed with optical properties allowing sufficient tissue penetration (near-infrared 
excitation). In reviewing these needs, it becomes obvious that the available SERS 
platforms have some critical limitations. The particulate systems must be injected into 
samples, an approach that is effective for diagnostics but is not well suited for sensing 
and monitoring because of rapid migration, aggregation propensity144 and potential 
accumulation in non-desirable locations.145 It is also noteworthy that dispersion of 
nanoparticles may compromise the utility of some SERS assays, because some of their 
action in enhancement relies upon aggregation induced by binding the target molecules; 
in addition, the immobilization process often results in generation of additional 






suited for continuous analysis, as they offer a fixed point of detection. However, all 
current SERS systems possess substantial drawbacks related to environmental 
compatibility—they must not perturb the sample being analyzed. In biological systems 
for example, there are added concerns of mechanical mismatch,146 interaction with 
immune system components and cells,147 as well as potential toxicity.148 
Two examples of different approaches towards meeting these requirements offer 
greater insight into the potential for such devices. The Van Duyne group reported an 
elegant approach to in vivo analysis: silver film over nanospheres (AgFONs) were 
fabricated on a planar titanium plate and a specialized mixture of self-assembled 
monolayers was used to selectively partition some small molecules near the plasmonic 
surface.149 The device was implanted in a mouse and was found to be functional for over 
two weeks; nonetheless, the method involved surgical implantation, required an 
implanted optical window for monitoring, and presumably engendered a significant host 
response to the rigid Ti substrate implanted in soft tissue. Vo-Dinh’s group recently 
reported a preliminary example of a solution for implantable SERS devices using gold 
nanostars in a pHEMA hydrogel.150 They detected SERS signals of Raman reporters 
attached to the nanostars within devices implanted in live rats and pigs; while they 
observed excellent signal detection over the tissue background, they also observed that 
the gold nanostars magnified not only the Raman signal of Raman active dye but also 
that of the hydrogel. Therefore, a more efficient approach to immobilizing sensor 






Recently, biocompatible nano-composite hydrogels were reported to effectively 
separate plasmonic materials from the external surroundings as well as from the matrix 
itself.118 Such SERS sensing hydrogels are based on a flexible design that has three key 
consistent features: (1) a biocompatible hydrogel matrix; (2) microcapsules embedded in 
the matrix, which spatially confine the otherwise “free” SERS sensing materials to small 
volumes and (3) selectively SERS-active particles that generate the desired optical 
sensing response. 
In this study, we aimed to adapt this platform into a unique modular approach to 
SERS sensing devices that address the limitations of previous systems noted above, 
particularly for use in a wide variety of conditions including implants. As illustrated in 
Figure 4-1, a hydrogel-based SERS sensing material combined with a Raman instrument 
can act as a pseudo-solid-state device to analyze various types of aqueous samples. In 
principle, large molecules are excluded from the hydrogel, while the microcapsules serve 
as a finer control over size of molecules that may interact with the plasmonic particles to 







Figure 4-1. Diagram of hydrogel based SERS sensing for aqueous specimens. 
 
 
 Sensor design and theory 
To prove the viability of the hydrogel-based SERS sensor, 4-Mercaptobenzoic 
acid (MBA) was chosen as a Raman-sensitive dye to estimate pH in alginate hydrogels. 
Furthermore, the potential for the pH-sensing hydrogel to track pH changes resulting 
from localized reactions was investigated by introducing an oxidase enzyme. Finally, the 
microcapsule permeability was decreased to evaluate the potential for adjusting the 
amount of local pH change induced by the enzymatic reaction. Specifically, as illustrated 
in Figure 4-2A, a pH-sensitive Raman probe (MBA) was used to establish the sensitive 






glucose oxidase (GOx), the pH sensing chemistry was extended to show a response with 
glucose. As glucose diffuses into the microdomain of hydrogel (See Figure 4-2B), it is 
oxidized in the presence of glucose oxidase (GOx) to produce gluconic acid. The 
reactions involved can be expressed as:154 
Eo + G 
𝑘1,𝑘−1
↔    𝑋1  
𝑘2
→ Er + P 
Er + 𝑂2  
𝑘3,𝑘−3
↔    𝑋2  
𝑘4
→ Eo + 𝐻2𝑂2 
where G and O2 represent the glucose and oxygen substrates while P and H2O2 represent 
the gluconic acid and hydrogen peroxide products, respectively.  The oxidized and 
reduced forms of the enzyme are represented by Eo and Er, and the enzyme-substrate 
complexes are given by X1 and X2, respectively.  The forward and reverse reaction rate 
constants are given by k1, k-1, k2, k3, k-3, and k4.  From this reaction scheme, a total of six 




2𝐶𝑖 − 𝑅𝑖 
where the diffusivity of species i (i.e., glucose, oxygen, protons, etc.) is expressed by Di, 
and Ri and represents a reaction term for substrate consumption (i.e., RG = k1CGCE0 –  
k-1CX1 and RH+ = k2CX1 for glucose and hydrogen ions, respectively). 
If the reaction proceeds at a rate sufficient to accumulate hydrogen ions before 
they can diffuse away, the diffusion-reaction balance of all constituents results in a 
corresponding drop in microdomain internal pH. Most importantly for substrate sensing, 
a constant glucose supply will result in an internal pH that will reach a steady-state value 






situation holds true if there is sufficient active enzyme present and supply of co-substrate 
oxygen. 
The decreasing pH is expected to affect the pH-sensitive Raman molecule 
(MBA) coated on the AuNP surface by reducing the relative peak intensity ratio of the 
pH sensitive stock mode. It is noteworthy that similar behavior is expected for any 




Figure 4-2. Illustration of a SERS sensing hydrogel. (Millions of microdomains 
encapsulating sensing chemistries are distributed throughout the hydrogel matrix.) (A) A 
single domain of the encapsulated nonenzymatic pH sensing system (B) A single domain 








Gold chloride trihydrate (HAuCl4·3H2O), sodium citrate tribasic dihydrate, 4-
mercaptobenzoic acid (MBA), sodium carbonate (Na2CO3), sodium bicarbonate, poly 
(allylamine hydrochloride) (PAH, average Mw 15 kDa) poly (diallyldimethylammonium 
chloride) (PDADMAC, average Mw 100-200 kDa), poly(sodium 4-styrenesulfonate) 
(PSS, average Mw 70 kDa), 2-(N-morpholino) ethanesulfonic acid (MES) sodium salt, 
alginic acid sodium salt (from brown algae, ~250 cps for 2 % solution at 25 ºC), calcium 
carbonate (CaCO3), TRIS HCl (Tris(hydroxymethyl)aminomethane hydrochloride), and 
glutaraldehyde solution (grade II, 25 % in H2O) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Ethanol (200 proof, USP), calcium chloride (CaCl2), D-(+)-glucono-
1,5-lactone (GDL) and glucose oxidase (from Aspergillus niger, 257 U/mg) were 
obtained from Decon Labs (King of Prussia, PA, USA), Macron fine chemicals (Center 
Valley, PA, USA), Alfa Aesar (Ward Hill, MA, USA) and BBI solutions (Cardiff, UK), 
respectively. 
 
4.3.2. AuNP synthesis 
The seed-mediated AuNP synthesis method of Bastus et al.157 was used, with 
minor modification. Briefly, AuNP seeds were prepared by adding 335 µL of 25 mM 
HAuCl4 aqueous solution into a 200 mL round bottom three neck flask containing 
boiling 2.2 mM sodium citrate solution (50 mL). The reaction mixture was stirred and 






pale red, confirming the formation of AuNP seeds. To grow a gold nanoshell around the 
AuNP seed, the seed solution was instantly cooled down to 90 ºC followed by the 
sequential addition of 60 mM sodium citrate (335 µL) and 25 mM aqueous HAuCl4 (335 
µL) with a time delay of 2 min. The gold nanoshell coating was obtained after 30 min of 
further stirring at 90 ºC with refluxing. In this study, the gold nanoshell growth was 
stopped after the 8th deposition cycle to achieve a targeted diameter of 50 nm; this size 
was selected based on previous findings that 50 nm gold nanoparticles had the largest 
SERS enhancement in the nanoparticle size range of 17 to 80 nm.158 
 
4.3.3. Surface modification of AuNPs 
Citric acid-capped AuNPs were modified with 4-Mercaptobenzoic acid (MBA) 
using a slightly altered procedure of Jaworska et al.159 Ethanolic MBA (200 µL of 1 
mM) was quickly dropped into a 2 mL centrifuge tube containing 2 mL of AuNP 
suspension. The mixture was vortexed for 5 min and then centrifuged at 2000 g for 15 
min. After supernatant removal, residual particles were suspended in 200 proof ethanol 
(2 mL) to remove excess MBA molecules. Ethanol was separated by centrifugation 
using the same conditions mentioned above and the remaining MBA-coated AuNPs 







4.3.4. Encapsulation of MBA-AuNPs and GOx in polyelectrolyte mutilayer coated 
CaCO3 
MBA-AuNPs and GOx were encapsulated in calcium carbonate microparticles 
(MPs) via a co-precipitation method, and polyelectrolyte multilayers (PEM) were coated 
onto the MPs using Layer by Layer self-assembly.160 We prepared two different types of 
PEM-coated CaCO3 MPs: one for pH sensing hydrogels and the other for enzymatic 
glucose sensing hydrogels. 
 
4.3.4.1. pH-sensitive hydrogel sensors 
MBA coated AuNP (MBA-AuNP) solution (400 µL) was suspended with 6 mL 
of 0.2 M Na2CO3 solution. MBA-AuNP encapsulated CaCO3 microparticles (MPs) were 
co-precipitated by the rapid injection of 0.2 M CaCl2 solution (6 mL) into the suspension 
under vigorous stirring. After 30 sec of stirring, the solution stood for 10 min showing 
sedimentation of the precipitated CaCO3 MPs. The CaCO3 MPs were collected by 2 min 
of centrifugation at 200 g and then rinsed with 5 mM sodium bicarbonate buffer solution 
(pH 8.00). The MPs obtained from the 1 mL of MBA-AuNP containing CaCO3 solution 
were immersed in polyelectrolyte suspensions (2 mg/mL, pH 8.00) containing 5 mM 
NaHCO3 beginning with PDADMAC in a 2 mL centrifuge tube followed by anionic 
PSS. Between each coating step, MPs were rinsed with 5 mM NaHCO3 buffer (pH 8.00) 







4.3.4.2. Enzymatic glucose-sensitive hydrogel sensors 
GOx (64 mg) was dispersed in 8 mL of 0.25 M Na2CO3 solution. 400 µL of 
MBA-AuNP solution and 0.25 M CaCl2 solution were sequentially added into this 
suspension. The mixture was stirred for 30 sec and then allowed to settle for 10 min. The 
sedimented MPs were collected and cleaned with 5 mM sodium bicarbonate buffer 
solution at pH 8.00. The MPs were initially coated with 5 bilayers of PDADMAC/PSS 
to ensure complete surface coverage and 7 bilayers of PAH/PSS were added 
((PDADMAC/PSS)5-(PAH/PSS)7) by the same method to reduce diffusion of glucose 
into the micro-domains as a means to make the system glucose-limited.161 Apart from 
changing types of PEMs we also tried to crosslink the ((PDADMAC/PSS)5-(PAH/PSS)7) 
with glutaraldehyde to further limit glucose flux through the MCs. Briefly, 3.3 mg of 
((PDADMAC/PSS)5-(PAH/PSS)7) coated MPs were incubated in 10mL of 3M 
glutaraldehyde solution for 15 min. Resultant MPs were washed with 5 mM NaHCO3 
buffer solution at pH 7.20. 
 
4.3.5. Synthesis of hydrogel sensors 
4.3.5.1. pH-sensitive hydrogel sensors 
Hydrogels were prepared using a modification of our standard MPAC 
protocol.118 Briefly, 250 µL of alginate solution (3 w/v%) was mixed with 125 µL of 
(PDADMC/PSS)10-coated MPs (3.3 mg). To this, 125 µL of GDL solution (120 mg/mL) 
was quickly added and mixed well via pipetting. The mixture was then molded in a 






4.3.5.2. Enzymatic glucose-sensitive hydrogel sensors 
Initially, PEM microcapsules (PEM MCs) were prepared by dissolving the 
coated calcium carbonate templates using 0.2 M MES buffer at pH 6.10. The PEM MCs 
were dispersed in 75 µL of DI water and then mixed with 25 µL of CaCO3 solution (1.0 
mg/mL); the latter provides the source of calcium for faster alginate gelation. This 
slightly modified procedure was used for the glucose sensors to circumvent the 
otherwise very slow gelation of the alginate after crosslinking the microcapsules. This 
mixture was vortexed with 3 w/v% alginate solution (200 µL). Finally, the mixture was 
mixed with 0.5 M MES buffer at pH 5.80 (100 µL) to dissolve CaCO3.and form the gel. 
 
4.3.6. UV-Vis spectroscopy 
A Cary 50 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, 
USA) recorded UV-Vis extinction in the range of 400 to 800 nm. The absorbance data 
were collected with a scan speed of 300 nm/sec and 0.5 nm resolution. For these 
measurements, the citric acid-AuNP stock solutions were diluted to 1/10 with DI water, 
while MBA-AuNP stock was diluted with the same solvent by 1/50. 
 
4.3.7. Nanoparticle tracking analysis (NTA) 
Size analysis via NTA was performed using a NanoSight LM10HS (Malvern 
Instruments Ltd, Malvern, UK) equipped with a 405 nm laser source (65 mW). Prior to 
the measurement, citric acid-AuNPs and MBA-AuNPs were diluted with DI water by a 






system tracked the paths of more than 1000 nanoparticles with 3 min video of scattered 
light from recorded on a C11440-10C Orca Flash2.8 CMOS camera (Hamamatsu, 
Hamamatsu-city, Japan). The video was further analyzed by NanoSight 2.7 software to 
calculate hydrodynamic size and concentration. 
 
4.3.8. Transmission electron microscopy (TEM) 
Samples were prepared from 2 µL of stock solution (for MBA-AuNPs) diluted 
with 98 µL DI water. The diluted solution was sonicated for 10 min to minimize possible 
aggregation. 5 µL of the sonicated solution was then dropped onto a carbon film coated 
300 square mesh copper grid (CF-300 Cu, Electron Microscopy Sciences, Hatfield, PA, 
USA), and the loaded copper mesh was dried for 24 hrs in atmosphere. The AuNPs were 
characterized using TEM (HF3300, Hitachi Scientific Instruments, Tokyo, Japan) with a 
cold field emission gun operating at 30 kV, with magnifications of 20000×. 
 
4.3.9. Raman measurement 
Hydrogel discs with 2 mm diameter were excised from the prepared slabs using a 
biopsy punch. The discs were washed with 300 µL of desired buffer solution three times 
and kept in the same buffer (300 µL) for 30 min to achieve saturated pH levels inside the 
micropores contained in the hydrogels prior to Raman characterization. For the non-
enzymatic pH sensing hydrogels and enzymatic glucose sensing hydrogels, 10 mM MES 
with 10 mM CaCl2 (pH 4.00, 5.50, 6.00, 6.50, 7.00 and 8.50) and 1 mM TRIS with 10 






384-well plate, and 30 µL of the same buffer was added over the discs; for the enzymatic 
glucose sensor discs, buffer with glucose was also used. Briefly, the glucose sensitivity 
of the enzymatic glucose sensing hydrogels containing uncrosslinked PEM 
microcapsules was examined by exposing discs punched from the glucose-sensitive 
hydrogel to 4 different glucose concentrations (0, 100, 200 and 400 mg/dL) for different 
incubation times (0, 60, 120, 180 and 240 min). In the case of crosslinked MC encoded 
glucose sensing hydrogel, glucose dependent SERS based pH sensing was monitored by 
incubating discs punched from the glucose-sensitive hydrogel to 5 different glucose 
concentrations (0, 100, 200, 300 and 400 mg/dL) for different incubation times (0, 60, 
180, 240, 300 and 360 min). SERS spectra were recorded using a DXR Raman confocal 
microscope (Thermo Scientific, Waltham, MA, USA). A 780 nm laser with 20 mW 
power was utilized as the excitation source. During the measurement, the laser was 
focused near the surface of the discs and scattered light was collected via a 10× objective 
lens, as illustrated in Figure 4-3. The collection time for a single spectrum was 3 sec; 







Figure 4-3. Diagram for Raman experiment set up for SERS sensing hydrogels. 
 
 
 Results and discussion 
The growth of AuNP seeds and the surface modification of final AuNPs were 
monitored by UV-Vis extinction spectra as described in Figure 4-4A. Mie theory based 






were prepared by 8 steps of nanoshell growth.162 The ratios of extinction at SPR peak to 
extinction at 450 nm result in estimates of 17.8 and 50.2 nm for the diameter of the seeds 
and the final citric acid-AuNPs, respectively. The MBA coating provides extinction 
intensity loss at the SPR of citric acid-AuNP and development of new band at 674 nm. 
The band at 674 nm can be explained by the longitudinal plasmon oscillation toward the 
long axis of elongated gold nanoaggregates.163 TEM also allowed visualization of the 
difference in particle dispersion before and after MBA capping, from which it was 
observed that AuNPs formed aggregates upon ligand exchange, with a transition from 
fully dispersed state to dimers, trimers and higher-order aggregates (Figure 4-4B). 
Quantitative analysis of the AuNP aggregation formation and particle 
concentration was performed using NTA. These results agree with previously-reported 
AuNP aggregation, with the UV-Vis spectra further supporting that MBA capping 
induced gold nanoaggregate formation.130 As shown in Figure 4-4C, NTA successfully 
determines hydrodynamic size and concentration of both citric acid-AuNPs and 
nanoaggregates (MBA-AuNPs). Table 4-1 summarizes modes, mean sizes and stock 
solution concentrations of AuNPs before and after MBA coating. Citric acid-AuNPs 
yield a narrower size distribution with the mode of 54.0 nm and 1.01 nM of stock 












Figure 4-4. (A) UV-vis spectra of citric acid capped AuNP seeds, final citric acid 
capped AuNPs, and MBA capped AuNPs. (B) TEM images of MBA-AuNPs. (Scale bar 




increased from 63.4 to 117.0 nm with the evolved distribution. Successful formation of 
AuNP aggregates, confirmed by the data in Figure 4-4A-C, is meaningful to SERS-
based sensors; Raman “hot spots” induced by overlapping electromagnetic fields from 
nearby plasmonic particles are able to more effectively amplify the Raman signals of 











































































Table 4-1. Modes, average diameters, and stock concentrations of citric acid-AuNPs and 









Citric acid-AuNPs 54.0 63.4 ± 26.1 1.01 
MBA-AuNPs 86.0 117.0 ± 52.8 1.11 
 
 
The encapsulation of MBA-AuNPs in hydrogels and the possibility of these 
materials for use in a pH sensing platform were evaluated using Raman spectroscopy. As 
depicted in Figure 4-5A, the SERS spectra showed the MBA Raman peaks in the range 
of 1000 to 1800 cm-1 for each pH. This indicates that the intensity of scattered light from 
MBA-AuNPs is greater than that from the PEMs and the hydrogel matrix, as shown in 
Figure 4-5B. This higher intensity results from the localized electromagnetic field 
around the AuNP surface, which appears to selectively amplify the Raman signal of 
MBA with no observable scattering contributions from the PEMs and/or the alginate 
hydrogel matrix evident in spectra. Distinct MBA Raman fingerprints were confirmed at 
1013, 1078, 1143, 1182, 1430, 1481, 1587 and 1702 cm-1, assigned to ring deformation, 
ring breathing, CCOO- stretching, C-H in-plane bending, COO- stretching, C-H in-plane 









Figure 4-5. (A) Normalized SERS spectra of pH-sensitive hydrogel sensors exposed in 
MES buffers with various pH values. (Inset: magnified spectra centered near the axial 
deformation band around 1587 cm-1) The legend indicates the scaling factors used to 
adjust spectral intensities for display on the same graph. (B) Illustration of apparent 






The MBA molecule has three significant pH-sensitive peaks from 1000 to 1800 
cm-1, namely: CCOO- stretching (1143 cm-1), COO- stretching (1430 cm-1), and C=O 
stretching (1702 cm-1) modes. An increase in pH around MBA-AuNPs results in the 
CCOO- and COO- peak increase, whereas the C=O peak decreases. Both CCOO- and 
COO- peak intensities are proportional to the number of COO- groups in MBA 
molecules. If the MBA molecules are exposed to a pH above the MBA pKa value 
(5.80),164 then the COOH groups of the MBA molecules are deprotonated so that both 
CCOO- and COO- peak intensities become larger. On the other hand, the C=O mode 
intensity is related to hydrogen boding between C=O group and a proton, and/or between 
C=O group and a hydrogen atom in adjacent MBA molecules.165 At a pH above the 
MBA pKa, the COO- group hampers C=O from having such hydrogen bonding resulting 
in mode intensity fall off. As a result, C=O mode intensity is decreased with the pH 
increase. 
Since the COO- mode (1430 cm-1) possesses the widest intensity range as a 
function of pH, we chose this mode to monitor pH changes in our hydrogel system. To 
evaluate the relationship between surrounding pH and COO- mode quantitatively, we 
calculated the intensity of COO- mode relative to the ring breathing mode (1078 cm-1). A 
pH calibration curve was constructed using data from three different discs each from 
different batches of pH-sensitive hydrogel (n=3) is presented in Figure 4-6. The data 
points represent the relative intensity of peaks associated with COO- and the ring 
breathing mode, and are plotted versus buffer pH value. The pH calibration curve was 










9.81 × 10−5 + 1.33e(−1.99(pH−1.03))
 
By fitting the data using a non-linear least-squares regression analysis, the pKa, lower 
limit of detection (LLOD), upper limited of detection (ULOD), and average sensitivity. 
LLOD, ULOD, and average sensitivity were calculated by a 3σ approach.166 To obtain 
an estimate of random measurement error, replicate spectra were measured three times at 
pH 4.00. The standard deviation of relative SERS intensity ratio of COO- to ring 
breathing mode were calculated for pH 4.00 (σ). LLOD and ULOD were defined as 
minimum intensity ratio plus 3σ, maximum intensity ratio minus 3σ, respectively. The 
slope of a linear line connecting LLOD and ULOD in the pH calibration curve was used 
to define the average sensitivity. Based on the 3σ approach, the pH sensing hydrogel 
yields an analytical range of pH 4.43 (LLOD) to pH 8.07 (ULOD) and the average 
sensitivity of 0.07 pH-1. This analytical range is slightly wider and shifted to lower pH 
compared to a commercial fluorescence based pH sensors (pH 5.00-8.50).167 It is 
noteworthy that pH drops induced by oxidoreductase enzyme reactions may be 
monitored within this analytical range. This result suggests that the pH of the fluid 
surrounding the hydrogel is successfully measurable via Raman spectra using our SERS 
platform. 
The pKa obtained from the pH calibration curve (5.81) is smaller than what 
Jamieson et al. reported (6.00-8.00) for MBA.168 This pKa difference can potentially be 
explained by interaction between Ca2+ ions (in buffer solution) and COO- groups of the 







Figure 4-6. A pH calibration curve of pH-sensitive hydrogel sensors (n=3: 3 pH sensing 




COO- group can elevate the SERS intensity of the COO- peak.126, 169 Such increase in the 
COO- mode intensity can lower the pKa since the Ca2+ ion helps deprotonation of MBA 
at the lower pH regime. 
The reproducibility of SERS sensing with our pH sensors was assessed by 
calculating relative standard deviations (RSDs) and signal to noise ratios (SNRs) of the 
SERS intensity at ring breathing mode (1078 cm-1) and a SERS intensity ratio 
(I(COO)/I(ring breathing)) for 18 different samples at 6 different pH levels. The average 
RSDs and the average SNR of SERS intensities were estimated as 34.9 % and 2.9, 
respectively. In comparison, the average SERS intensity ratio had much better 






sufficient to monitor pH changes with our system. It is also noteworthy that these 
average values include the very low signals measured at pH 4.00, which is actually 
below the calculated detection limit; excluding this point, the average RSD is below 10 
% (SNR>10). 
We have also performed pH reversibility tests with discs taken from 5 different 
slabs of MPACs (5 different fabrication runs). The samples were cycled back and forth 
between pH 8.50 and pH 4.00 and measurements were made at 30 min after changing 
the solution pH. The SERS intensity ratio was found to exhibit a fully-reversible 
response to levels within the natural variation, indicating that the pH sensing system is 
able to detect the fluctuation in analyte level. More detailed study of response time, 
reversibility, and hysteresis is the subject of ongoing work to be reported separately. 
Glucose oxidase enzyme and MBA-AuNPs were encapsulated in the same MCs 
to investigate the effect on the SERS signals of MBA molecules in the presence of 
glucose. Similar to the pH sensing hydrogel, all the Raman peaks of MBA were 
confirmed without any band shifts. The stock modes of GOx (1188, 1217, 1292, 1331, 
1361, 1448, 1516, 1555, and 1600 cm-1)170 were not detected, indicating there was no 
Raman signal interference by GOx in MCs. One explanation of this result could be that 
since both GOx and MBA are negatively charged, there may be repulsion between GOx 
and MBA-AuNPs. Due to this repulsion the GOx does not appear to be within the 2 nm 
distance from the surface of AuNPs that would allow its Raman signal to be 
intensified.171 We also evaluated the pH sensing ability of the glucose-sensing hydrogels, 






(ULOD). This analytical range was not only smaller but also shifted to a lower pH 
region compared to the range of the pH sensing hydrogel. The average sensitivity was 
slightly but significantly decreased (t-test; =0.05), from 0.07 to 0.05 pH-1 by 
introducing GOx in the same pH sensing microdomain. The decreased sensitivity (the 
slop of pH calibration curve) with the presence of GOx in MCs can be explained by 
reduced intensity of COO- mode relative to the ring breathing mode (the y-axis value of 
the pH calibration curve) due to possible electrostatic interaction between GOx and Ca2+ 
ion in buffer.172 
To evaluate the pH change in MCs of the enzymatic glucose sensitive hydrogel 
induced by glucose oxidation, we monitored the SERS intensity ratio of COO- to ring 
breathing mode (1078 cm-1) as depicted in Figure 4-7. This intensity ratio is inversely 
proportional to the number of protonated COO- groups (lower ratio=lower pH). An 
instant pH change was seen from neutral pH (pH 7.00) to acidic pH (pH 5.84) when the 
glucose sensing hydrogel sensors were subjected to 400 mg/dL glucose solution (0 min). 
Such an immediate pH drop by glucose implies the GOx entrapped in microdomains 
retains its enzyme activity. After 60 min of incubation time, the response revealed a 
statistically significant pH reduction from pH 7.00. For incubation times ranging from 0-
120 min there was no statistical response (no sensitivity) between 100 and 400 mg/dL, 
suggesting that the system is either enzyme or oxygen-limited at these concentrations. 










Figure 4-7. Glucose response curves of enzymatic glucose-sensitive hydrogels in 1 mM 
TRIS buffer containing 10 mM CaCl2 with various glucose concentrations at pH 7.00 as 
a function of incubation time. (A) Response related to relative intensity ratio of COO- 
mode relative to the ring breathing mode. (B) Response related pH value in the MC. 
(n=3: 3 different discs punched from the same hydrogel sensor; pH value was calculated 
using a pH calibration curve of enzymatic glucose sensing hydrogel; error bars represent 






















































the pH values drop even further, inducing changes of -57.5 ± 0.4 % (pH 4.89) and -80.8 
± 2.1 % (pH 4.41) of the intensity ratios (relative to baseline) at 400 mg/dL, respectively. 
Overall, regardless of incubation time, this embodiment did not exhibit a 
glucose-dependent response above 100 mg/dL. This was not unexpected, as it is well 
known that enzymatic reactions become substrate-controlled only under conditions 
where the supply via diffusion is slower than the reaction involved. In this system, the 
diffusion coefficient of glucose (Dc) is determined by the PEMs in the glucose sensing 








where dc/dt, b, V, and ϕ represent permeability of PEMs to glucose, thickness of PEM, 
the ratio of glucose solution reservoir volume to PEM area exposed to the solution, and 
the partition coefficient, respectively. We postulated that ((PDADMAC/PSS)5-
(PAH/PSS)7) did not provide enough glucose flux reduction to balance glucose and 
oxygen supply over this glucose range. Due to the high glucose mass transport through 
the PEMs, oxygen in microcavities could be completely consumed by the reaction 
regardless of glucose concentration. As a result, the production rate for gluconic acid 
depends not on glucose concentration but on enzyme or oxygen concentration. This is 
consistent with the recent report from Biswas et al., which reported that rapid glucose 
diffusion through PEMs can be controlled by crosslinking 
((PDADMAC/PSS)5(PAH/PSS)7) with glutaraldehyde.
110 In that study, the crosslinking 






To test this concept in this system, we applied the same crosslinking method to 
the PEMs in the enzymatic glucose sensing hydrogels. Here, the hydrogels with 
crosslinked MCs required longer incubation longer to observe noticeable pH decreases. 
Unlike glucose sensing hydrogels containing uncrosslinked MCs, there was no 
significant decrease in the SERS intensity ratio of COO- to ring breathing mode when 
the crosslinked MCs containing hydrogel sensors were exposed to 400 mg/dL glucose 
solution (0 min), which means instant pH changes in the MCs were not induced by the 
glucose oxidation for the hydrogels with crosslinked internal microdomains (Figure 4-8). 
The unchanged initial pH values suggest that the crosslinking significantly reduces 
glucose diffusion into the MCs. After 180 min of incubation time, the glucose response 
curve starts to show a more linear behavior over the entire concentration range. As 
incubation time is increased further, the glucose sensitivity (absolute value of the slope) 
becomes larger, inducing much greater drops in pH value. The glucose sensitivity of 
hydrogel sensors using the crosslinked MCs incubated for 360 min is not only 
statistically significant over entire glucose concentration (0-400 mg/dL) but also has the 






































Figure 4-8. Glucose response curves of enzymatic glucose-sensitive hydrogels in 1 mM 
TRIS buffer containing 10 mM CaCl2 with various glucose concentrations at pH 7.00 as 
a function of incubation time (n=3: 3 different discs punched from the same hydrogel 
sensor; error bars represent one standard deviation). 
 
 
These glucose sensing responses imply that the crosslinked PEMs successfully 
decrease glucose flux, achieving glucose-limited glucose oxidation in the microcavities.  
It is recognized that the time periods observed in these steady-state experiments are quite 
long compared to what might be expected for environmental fluctuations that need to be 
monitored, nevertheless, these data prove the concept for SERS-based sensing hydrogels 
with a tunable response to target a desired concentration range, albeit a tradeoff with 
speed. It is expected that modifying the matrix and PEM permeability will allow 
optimization of the associated figures of merit. These findings provide a basis for further 







This work successfully demonstrates SERS based sensing via pH sensitive 
Raman molecule modified gold nanoparticles (MBA-AuNPs) encapsulated within 
hydrogels, and several important findings are reported first herein. Even when 
encapsulated within alginate hydrogels, the MBA Raman fingerprint spectral features 
were detected without signal interference from the hydrogel matrix and capsule 
materials. Encapsulation results in a shifting of the apparent pKa for the MBA-AuNP, 
which has implications for future encapsulated nanosensors: the systems cannot be 
expected to behave exactly as in solution phase, but must be fully characterized for 
altered behavior. However, the pH-sensing hydrogel still yielded an analytical range (pH 
4.43-8.07) that is usable for monitoring many samples of interest, including biological 
samples and tissue in vivo. Further, incorporation of an active enzyme in the same 
microcavities was demonstrated using the same process, and the resulting materials were 
shown to effectively induce a pH decrease resulting from the presence of substrate. This 
proves diffusion of substrate molecules through the hydrogel matrix and into the 
microcapsules, catalysis (oxidation) driven by the enzyme, and “reporting” of the local 
pH change by the SERS nanoprobes. Finally, it was proven that crosslinking the 
microcapsule walls could reduce the flux of substrate into the MCs, slowing the reaction 
and altering the rate of pH change and, accordingly, the substrate-SERS response profile. 
Such control of substrate diffusion is essential to tuning enzymatic diffusion-reaction 






important steps toward a novel SERS sensing platform with great versatility for sensing 











The downside of nanoparticle-based SERS sensors is they often require 
complicated pretreatment processes in order to detect a biomarker in biological fluids 
such as urine, serum, and whole blood.173 Without the pretreatment, proteins in the 
biological fluids tend to be adsorbed on the nanoparticle surface, excluding the 
formation of hot spots due to nanoparticle aggregation. In general, centrifugation and 
sedimentation are utilized to separate such proteins from biological fluids. However, 
these processes require a large sample volume and relatively expensive instruments. 
Taner et al. eliminated this disadvantageous pretreatment step by conjugating 
nanoparticles on the porous nitrocellulose matrix of a paper-fluidic device,174 enabling 
the detection of glucose in whole blood samples by successfully separating proteins and 
blood cells. Plasmonic nanoparticles also have been encapsulated in hydrogel 
microparticles via microfluidic devices to avoid the complex pretreatment step.73, 175-176 
The size exclusion function of this approach was achieved by tuning the mesh size of 
hydrogel. Moreover, charge selectivity was enabled by varying the functional groups of 
hydrogel surface. However, these size selective SERS sensing approaches are limited to  
 
*This section is reprinted with permission from “Nanoengineered capsules for selective SERS analysis of 
biological samples” by You, Y. H.; Schechinger, M.; Locke, A.; Coté, G.; McShane, M., 2018. Proc. Of 







direct SERS detection since plasmonic materials are immobilized at the sensor matrix. 
Size selective SERS sensing can be extended to other SERS sensing mechanism 
such as nanoparticle aggregation based hotspot formation by adopting polymeric 
capsules. The strength of polymeric capsules is that vacant space in the capsules allows 
mobile nanoparticles to aggregate upon target binding. In addition, the number of 
detectable analytes can be increased by modifying nanoparticle surface with various 
analyte sensitive antibodies, DNA oligomers, and aptamers.177-179 Jia et al. embedded 
gold nanoparticles (AuNPs) in hollow liposome nanocapsules.180 Even though porous 
liposome membranes with size cutoff tunability enabled direct SERS detections in blood 
plasma, these liposome vesicle template approach is still hindered by low in situ 
nanoparticle loading efficiency. Types of encapsulating materials is also limited with 
this method since metal nanoparticles are synthesized within the vesicles simultaneously. 
Recently, we reported the encapsulation of pH sensitive AuNPs in hollow MCs which 
consist of polyelectrolyte multilayers (PEMs).109 This encapsulation method is cost 
effective and generates a high-throughput compared to those using microfluidic devices 
as well as higher encapsulation efficiency compared to the liposome vesicle template 
method. Various sensing chemistries has been entrapped with this PEM approach.120, 172, 
181-182 Furthermore, large proteins and blood cells can be sieved by the PEMs. The 
permeability of PEMs is tunable by controlling the number of multilayers and/or 
chemical crosslinking of PEMs.120 In this study, we entrapped aggregation based 






in the blood) sensing assays in PEM MCs to prove a hypothesis that selective SERS 




Gold chloride trihydrate, silver nitrate, sodium citrate trihydrate, sodium 
hydroxide (NaOH), hydroxylamine hydrochloride, sodium carbonate, sodium 
bicarbonate, poly(diallyldimethylammonium chloride) (PDADMAC, average molecular 
weight 100-200 kDa), poly(sodium 4-styrenesulfonate) (PSS, average molecular weight 
70 kDa), sodium citrate tribasic dihydrate, tris (2-carboxyethyl) phosphine hydrochloride 
(TCEP), 4-mercaptobenzoic acid (MBA), Rhodamine 6g (Rh6G), bovine serum albumin 
(BSA), methanol, Dulbecco’s phosphate buffered saline (1× PBS), and 
ethylenediaminetetraacetic acid (EDTA) were obtained from Sigma Aldrich (St. Louis, 
MO, USA). Malachite green isothiocyanate (MGITC) was purchased from Life 
Technologies (Carlsbad, CA, USA). Calcium chloride and ethanol (200 proof, USP) 
were obtained from Decon Labs (King of Prussia, PA, USA). Lyophilized target 
microRNA-17 and DNA oligomers were synthesized and purchased from Integrated 
DNA Technologies (Coralville, IA, USA). Upon arrival, DI water was used to suspend 







5.2.2. Assay designs 
In order to detect microRNA-17 (5’-CAA AGU GCU UAC AGU GCA GGU 
AG-3’) two different assays were designed: intensity based and ratiometric sensing 
assays. The intensity based sensing assay was adapted based on a previous “turn on” 
sandwich assay developed by Coté’s group.183 In their approach, two batches of silver 
nanoparticle (28 nm AgNP) were synthesized, one conjugated with Probe 1: 5’-
/5ThioMC6-D//iSp18/CTA CCT GCA CTG-3’ (a DNA oligomer complimentary to a 
half of microRNA-17) and the other with Probe 2: 5’-TAA GCA CTT 
TG/iSp18//iSPC3//3ThioMC3-D/-3’ (a DNA oligomer complimentary to the other half 
of microRNA-17). The AgNP coated with Probe 1 were further functionalized with the 
Raman dye, malachite green isocyanate (MGITC). The detection assay was then created 
by mixing the two different batches of AgNPs at a molar ratio of 1:1. In the presence of 
microRNA-17, the DNA oligomer probes on the surface of the AgNP would bind to the 
target molecule, microRNA-17, forming nanoparticle aggregates. The formation of 
aggregates results in the “hot spots” within the narrow gap between two the AgNPs 
which amplifies the SERS intensity of MGITC within the hot spot. Thus, the assay can 
be used to determine the target concentration of microRNA-17 based on changes in the 
relevant SERS intensity. 
Furthermore, the addition of a third type of AgNP (i.e. Reference nanoparticle) 
was used to develop a secondary ratiometric sensing assay (See Figure 5-1A). This new 
AgNP was modified with a nonspecific DNA oligomer (5’-/5ThoMC-D//iSp18/TTT 






because its Raman bands do not entirely overlap with those of MGITC as shown in 
Figure 5-1B. The ratiometric sensing assay was designed such that the reference 
nanoparticle has no inherit binding affinity for the target molecule and thus does not 
form aggregates in the presence of microRNA-17. As a result, the reference particle 
provides a SERS signal which is independent of target concentration. The addition of 
this secondary sensing assay allows for analyte levels to be measured based on 
ratiometric changes in the SERS intensity between the assay mediated by 




Figure 5-1. (A) Schematic diagram of ratiometric sensing assay. (B) Normalized SERS 









5.2.3. Nanoparticle synthesis 
 The Hydroxylamine (HA) stabilized AgNPs, used to create the microRNA-17 
sensing assay, were synthesized using a cold reduction method.184 Using a 250 mL 
conical flask, previously cleaned with aqua regia, sodium hydroxide (11.9 mg) and 
hydroxylamine hydrochloride (10.4 mg) were dissolved in DI water under vigorous 
stirring. Once dissolved, 10 mM silver nitrate solution (10 mL) was added dropwise into 
the vortex of the mixture. The solution was kept under vigorous stirring for 15 min. 
Citric acid capped gold nanoparticles (citric acid-AuNPs), 50 nm in diameter, were also 
synthesized using a seed mediated method to show the size exclusion function of 
polyelectrolyte microcapsules.109 
 
5.2.4. Nanoparticle surface modification with DNA oligomers 
DNA oligomers, previously suspended in DI water and frozen for long term 
storage, were thawed at room temperature (RT) for 30 min. The DNA oligomers were 
filtered using a 3 kDa centrifugal filter (Nanosep, Pall Laboratory, Port Washington, 
NY, USA) that were centrifuged at 5000 g. The filtered DNA oligomers were suspended 
in 1× PBS (at pH 8.50). To enable nanoparticle surface modification, the DNA 
oligomers were designed to include thiol modifiers synthesized in an oxidized disulfide 
form. Prior to nanoparticle modification, the disulfide modifier was reduced using 20 
mM TCEP. Equivalent volumes of DNA oligomer solution (100 µM) and TCEP (20 
mM) were mixed together and then incubated at RT for 1 hr. Residual TCEP and 






described. Following filtration, the reduced DNA oligomers were suspended in 1× PBS 
at pH 7.40. 
Once reduced the DNA oligomers were functionalized on nanoparticle surface by 
mixing 1 mL of hydroxylamine coated AgNPs with reduced DNA oligomers in a glass 
vial at a molar ratio of 1:1500 (AgNP to DNA oligomer). The molar ratio was adjusted 
to 1:3000 to avoid potential nanoparticle aggregations from nonspecific DNA oligomer 
conjugation. The solution was shaken for 1 hr and then left to incubate at RT overnight. 
After incubation, 20 µL of sodium citrate buffer (200 mM, at pH 3.00) was added to the 
solution to promote absorption of the DNA oligomers on the negatively charged 
nanoparticle surface. This was done three times adding a total of 60 µl of sodium citrate 
buffer. The solution was then left shaking at RT. After 20 minutes, the sample was 
centrifuged (20 min, 3300 g) to remove the excess salt and any unbound DNA 
oligomers. The supernatant containing the waste was removed and the remaining pellet 
comprised of AgNPs conjugated with DNA oligomer was resuspended in 1 mL of 1× 
PBS (at pH 7.40). 
 
5.2.5. Nanoparticle labeling with Raman dyes 
Nanoparticles conjugated with Probe 1 and the reference nanoparticles were 
further labeled with MGITC and MBA, respectively. Methanolic MGITC (100 µM) was 
added to 1 mL of conjugated silver nanoparticles at a molar ratio of 1:1000 (AgNP to 
MGITC). The solution was then left shaking for 1 hr. After which, the nanoparticles 






the sample and remove any excess Raman dye. The sample was stored in 1 mL of 1× 
PBS (at pH 7.40). With respect to the reference nanoparticles, 100 µL of ethanolic MBA 
(10 mM) was added to 1 mL of AgNP conjugated with nonspecific DNA oligomer. The 
solution then underwent the same method described earlier for the solution of 
nanoparticles conjugated with Probe 1. 
 
5.2.6. Assay encapsulation in microcapsules (MCs) 
The microcapsules used to encapsulate the nanoparticles were prepared using a 
calcium carbonate (CaCO3) co-precipitation method.
109 Briefly, 400 µL of AuNPs were 
mixed with 8 mL sodium carbonate solution (250 mM). Under vigorous stirring, 8 mL of 
calcium chloride solution (250 mM) was quickly injected into the solution to form the 
CaCO3 microparticles (MPs). The suspension was stirred for 30 sec before it was left 
standing for 10 min. Sedimented MPs were collected by centrifugation at 500 g for 30 
sec and cleaned with 1 mL of sodium bicarbonate buffer (at pH 8.00). 
In regard to the intensity based sensing assay, 500 µL of nanoparticles 
conjugated with Probe 1 (4.29×10-13 moles) and 500 µL of nanoparticles conjugated 
with Probe 2 (4.29×10-13 moles) were encapsulated using the same CaCO3 co-
precipitation method described above. A third batch of encapsulated particles were 
synthesized using a mixture of nanoparticles conjugated with Probe 1, nanoparticles 
conjugated with Probe 2, and Reference nanoparticles at twice the concentration. The 
molar ratio of nanoparticles conjugated with Probe 1 to nanoparticles conjugated with 






Following the encapsulation process, the CaCO3 MPs were coated with PEMs 
(PDADMAC/PSS). A 1 mL volume of MPs was sequentially exposed to cationic 
PDADMAC suspension and anionic PSS suspension (both polyelectrolytes were 
dissolved in a 5 mM sodium bicarbonate buffer (at pH 8.00; at a concentration of 20 
mg/mL). Between each polyelectrolyte deposition step, the MPs were rinsed with 1 mL 
of sodium bicarbonate buffer (5 mM). This process was repeated until 10 bilayers of 
PDADMAC/PSS were achieved. MCs were formed by immersing 30 µL of 
polyelectrolyte multilayer coated MPs in 15 mL of EDTA suspension (200 mM, at pH 
7.00) for 30 min. The resultant MCs were washed with DI water three times and then 
suspended in 30 µL of buffer. 
 
5.2.7. UV-Vis measurement 
The size and colloidal stability of the nanoparticles were determined by UV-Vis 
extinction measurements. The synthesized solutions of citric acid-AuNPs and 
hydroxylamine capped AgNPs were diluted in DI water by a factor of 10 whereas the 
AgNPs conjugated with DNA oligomer were diluted by a factor of 10 using 1× PBS (at 
pH 7.40). In each case, a 100 µL volume of diluted sample solution was added to a 
single well of 96 well plate (UV-Star, Greiner, Kremsmuenster, Austria) and using an 
Infinite 200 Pro microplate reader (Tecan, Maennerdorf, Switzerland) the extinction 







5.2.8. Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDS) 
The solution containing PEM coated were diluted by a factor of 20; meanwhile, 
the solution containing PEM coated MC was diluted by a factor of 50. Both solutions 
were diluted using DI water and contained the intensity based sensing assay. 5 µL of the 
diluted solution was deposited onto a clean piece of Si wafer. The sample was left 
overnight to dry at room temperature. A DC sputter was used to deposit 2.5 nm of Pt/Pd 
alloy thin film onto the dried sample. A field emission SEM (JSM-7500F, JEOL, Tokyo, 
Japan) equipped with an EDS system (Oxford instruments, Abingdon, UK) was used to 
image the PEM coated MPs and MCs under backscattered electron (BSE) mode. All 
images and EDS spectra were collected at an acceleration voltage of 20 kV. 
 
5.2.9. Raman spectroscopy 
The SERS spectra were collected using a Thermo Scientific DXR Raman 
microscopy (Thermo Scientific, Waltham, MA, USA). The MC size exclusion study was 
performed using a 780 nm laser at a power of 20 mW. The remaining SERS spectra were 
collected using a 532 nm laser at a power of 10 mW with the exception of paper devices 
which used a laser power of 1mW. For all Raman recording, 10 spectra with a collection 







5.2.9.1. Evaluation of size exclusion function of MC 
The protein exclusion ability of the MCs was demonstrated by exposing the MCs 
which contained the citric acid-AuNPs to either a solution of Raman active Rh6G or a 
mixture of Rh6G and BSA. The citric acid-AuNPs solution was used as a negative 
control. The Raman spectra were obtained for three unique samples where each 15 µL of 
citric acid-AuNPs solution was separately mixed with the same volumes of 20 µM 
Rh6G, 2 mM BSA, and a mixture of 20 µM Rh6G and 2 mM BSA in three different 
wells of a 384 well plate. Additionally, 30 µL of citric acid-AuNPs solution was placed 
in a separate well and used as a control. The three batches of AuNPs containing MCs (30 
µL) were resuspended in the same volumes of DI water, 10 µM Rh6G, and a mixture of 
10 µM Rh6G and 1 mM BSA. All the solutions prepared were then incubated in the 30 
µL wells for 1 hr. 
 
5.2.9.2. Analysis of sensing assays 
The intensity and ratiometric based sensing assays for microRNA-17 were 
transferred into a 384 well plate and monitored using a Raman microscopy. For the 
intensity based sensing assay, nanoparticles conjugated with Probe 1 were mixed with 
nanoparticles conjugated with Probe 2 at the ratio 1:1 for a total volume of 20 µL. 
Additionally, 10 µL containing various concentrations of target microRNA-17 in PBS 
was added to each well. The resultant microRNA-17 concentrations in 30 µL wells were 
0, 1, 10, 50, 100, and 500 nM. The same experiment was then performed using the 






examine how the presence of large protein molecules (i.e. BSA) affects the target 
dependent nanoparticle aggregation.  
The ratiometric sensing assay was prepared by mixing nanoparticles conjugated 
with Probe 1, nanoparticles conjugated with Probe 2, and Reference nanoparticles for a 
total volume of 22.5 µL. The 22.5 µL of the ratiometric sensing assay was put into a 30 
µL well along with 7.5 µL of target solution resulting previously mentioned microRNA-
17 concentrations. Furthermore, 30 µL of previously synthesized MCs were also 
combined with a solution of microRNA-17 and PBS. All the SERS spectra were 
obtained after 1 hr of incubation. 
 
5.2.9.3. Analysis of sensing assays with paper devices 
A paper device was fabricated by adhering a circular nitrocellulose membrane (3 
mm diameter; 0.45 µm pore size; Amersham Protran, GE Healthcare Life Science, 
Marlborough, MA, USA) to a sheet of blotting absorbent paper (Mini Trans-Blot filter 
paper, Bio-Rad, Hercules, CA, USA) using double sided adhesive tape. The sensing 
assay was prepared by adding 30 µL of the previously synthesized solution of MCs 
containing the ratiometric sensing assay (total number of nanoparticles encapsulated in 
MPs: 1.20×10-12 moles) to a solution of microRNA-17 (30 µL; tested concentrations: 0, 
1, 10, 50, 100, and 500 nM) with or without 1mM BSA. The resultant sample solution 
was then incubated for 1 hr. Following the incubation, 2 µL of MCs sample solution was 
deposited onto the paper device previously described. Due to the size of the MCs in 






on the surface of nitrocellulose membrane while the remainder of the solution was 
absorbed by the blotting paper (Figure 5-2). The paper device was dried at room 




Figure 5-2. (A) Schematic diagram of paper device cross-section and (B) Top view 
image of paper device. 
 
 
 Results and discussion 
5.3.1. Characterization of nanoparticles 
The SPR wavelength (λmax) of AuNP was located at 529 nm. The size of AuNP 
was calculated as 50 nm (diameter) based on a method developed by Haiss et al 185. 
Based on the extinction coefficient at λ=450 nm (9.92×109 M-1·cm-1), the AuNP 
concentration calculated using Beer-Lambert’s Law was 1.40 nM. The calculated AuNP 
concentration corresponded to concentration obtained with UV-Vis data.109 The diameter 
of the hydroxylamine coated AgNPs (28 nm) was estimated from SPR wavelength (λmax, 







coefficient of 28 nm, citric acid capped AgNPs (1.15×1010 M-1·cm-1).186 The SPR 
wavelengths for the nanoparticles conjugated with Probe 1, nanoparticles conjugated 
with Probe 2, and Reference nanoparticles were redshifted to 407 nm, 406 nm, and 408 
nm, respectively, due to the DNA oligomers functionalized on the nanoparticle surface 
(See Figure 5-3A). The use of multiple washing steps during the DNA oligomer 
conjugation process, reduced the extinction maximums by a factor of 2.5. As seen in 
Figure 5-3B, there was no shift in SPR following the conjugation of Raman dyes on the 
nanoparticle surface for both nanoparticles conjugated with Probe 1 and the Reference 
nanoparticles. Additionally, the absence of secondary surface plasmon resonance peaks 
in NIR region indicates the solutions of AgNPs conjugated with DNA oligomers are 




Figure 5-3. (A) UV-vis extinction spectra of hydroxylamine coated AgNP, Probe 1 
conjugated nanoparticle, Probe 2 conjugated nanoparticle, and Reference nanoparticle. 
(B) UV-vis extinction spectra of MGITC labelled Probe 1 conjugated nanoparticle and 







































































5.3.2. Physical characterization of nanoparticles embedded MPs and MCs 
The encapsulation of nanoparticles within microstructures was determined using 
SEM and EDS. The intensity based sensing assay embedded within the PEM coated 
MPs were observed as spherical structures with fuzzy surfaces and can be seen in Figure 
5-4A. The average diameter of the PEM coated MPs was estimated as 4.38 ± 0.45 µm 
based on the sizing data of 125 PEM coated MPs collected from multiple BSE images 
(See Figure 5-4B). Successful etching of CaCO3 cores using 200 mM EDTA at pH 7.00 
was confirmed based on the hollow MC structures observed in Figure 5-5A. Air drying 
step during SEM sample preparation resulted in collapsed feature of MC. Unlike PEM 
coated MPs, heterogenous compositional contrast was observed for the MC when 
examined under BSE mode. Elements reside in bright regime scattered more 
backscattered electrons than those in the other regime. In other words, the atomic 
number of elements in the bright regime is higher than that of elements in the other 
regime. To specify the type of elements in the bright regime, EDS spectra of the MC 
were collected from two different spots: one at comparably dark regime and the other at 
the bright regime as illustrated in Figure 5-5B and C. Both EDS spectra confirmed the 
presences of PEMs (C/O/S), specimen substrates (Si), and conductive thin films (Pt/Pd) 
in common. Ag was identified only from EDS spectrum recorded at the bright regime. 
This substantiates the successful encapsulation of AgNPs within the MCs and the 







Figure 5-4. (A) BSE image of AgNPs embedded PEM coated MPs (Scale bar represents 

























Figure 5-5. BSE image of AgNPs embedded MC (Scale bar represents 1 µm) (A) and 
EDS spectra of the same MC ((B): dark regime, (C): bright regime). 
 
 
5.3.3. Demonstration of size exclusion function of MCs 
The well-established SERS assay for the detection of Rh6G was used to 
determine the feasibility of the PEM MCs to prevent the diffusion of large protein 
molecules that can interfere with the SERS signal of metallic nanoparticle assays. This 
size selectivity function in biological complex media was demonstrated by comparing 
















































direct SERS sensing capabilities of citric acid-capped AuNPs in solution and the same 
AuNPs embedded in MCs in the presence of Rh6G. As shown in Figure 6A, no 
significant Raman vibrational bands were detected, from either the stock solution of 
citric-acid AuNPs or the stock solution mixed with 1 mM BSA. Strong SERS peaks of 
Rh6G with citric acid-AuNPs were observed; however, those strong SERS bands 
disappeared with the addition of BSA. These result can be explained by “protein corona” 
effect.187 BSA molecules are preferentially absorbed on the surface of metal 
nanoparticles thus hindering the ability of Rh6G molecules to reach the nanoparticle 
surface and be detected via SERS. Also, the citric acid-AuNPs embedded in MCs that 
were introduced to a solution of Rh6G showed noticeable SERS signal as seen in Figure 
5-6B, which indicated the passive diffusion of this small molecule into the capsules and 
absorption on the AuNPs suspended within. However, unlike the free AuNPs, when 
these MCs were introduced to similar concentration of BSA, the SERS signal was still 
evident (Green curve in Figure 5-6B), thus indicating the selective exclusion of the 
larger protein from diffusing through the capsule wall and absorbing on the NPs surface. 
Therefore, BSA (66.5 kDa) was filtered by PEMs while the target analyte (Rh6G, 479 
Da) was able to access AuNPs in the MCs. Albumin and immunoglobulins are known as 
the most abundant proteins in serums.188 Since the engineered PEM MCs successfully 
excluded relatively small albumin proteins, it  is believed that the PEMs may protect 







Figure 5-6. (A) SERS spectra of citric acid-AuNPs and those dispersed in an aqueous 1 
mM BSA solution, an aqueous 10 µM Rh6G solution, and a mixture of 10 µM Rh6G 
and 1 mM BSA. (B) SERS spectra of citric acid-AuNPs encapsulating MCs suspended 




5.3.4. Target sensing with intensity based sensing assay 
Initially, the intensity based sensing assay was tested with various microRNA-17 
concentrations (0-500 nM). The characteristic SERS bands of MGITC were confirmed at 
1175 cm-1 (In-plane ring stretching and bending), 1222 cm-1 (N-C stretching), 1295 cm-1 
(In-plane C-H and C-C-H bending), 1367 cm-1 (Aromatic ring stretching), 1590 cm-1 (In-
plane ring stretching and bending), and 1617 cm-1 (Phenyl-N and C-C stretching) from 
all tested target concentrations.189 Overall, the addition of the target, microRNA-17, to 
the sensing assay caused an increase in SERS intensity of MGTIC. Thus, when 
microRNA-17 is introduced to the sensing assay it successfully undergoes hybridization 






























































5-7A. The quantitative capacity of the sensing assay was defined by the microRNA-17 
concentration dependent calibration curve (See Figure 5-7B) calculated based on the 
maximum SERS intensity of the peak centered at 1617 cm-1. 
Overall, a bell-shaped binding curve was observed for this assay. The largest 
increase in the SERS intensity occurred at the microRNA-17 concentration range of 0-
100 nM where it increased by a factor of 4. The SERS intensity decreased for 
microRNA-17 concentrations greater than 100 nM. The decreased SERS intensity at 500 
nM can be explained by Hook effect which is common amongst sandwich based sensing 
assays.177, 190 This effect states that microRNA-17 which exceed the Hook point, the 
microRNA-17 target concentration at 100 nM,  hampers the formation of nano-
aggregates since all the potential binding sites, i.e. Probe 1 and Probe 2, are already 
oversaturated with target molecules. These findings indicate that the designed assay has 
a specific working range between 0 – 100 nM of microRNA-17. This range can be 
adjusted by adjusting either the nanoparticle concentration or the ratio of Probe 1 to 







Figure 5-7. (A) SERS spectra of intensity based sensing assay exposed to various target 
molecule concentrations (0, 1, 10, 50, 100, and 500 nM). (B) A target level dependent 
calibration curve obtained from the same assay. SERS intensity was calculated at 1617 




The influence of proteins in regard to the sensitivity of the assay, was evaluated 
by adding BSA to the target solution. The intensity based sensing assay was also 
exposed to 6 different target concentrations (0, 1, 10, 50, 100, and 500 nM) containing 1 
mM BSA. The results showed that with the addition of BSA, the intensity based assay 
was no longer sensitive to target (Figure 5-8). The BSA introduced to the sensing assay 
may bind to the available space on the nanoparticles surface where no DNA oligomers 
and Raman dyes have conjugated. Thus, loss of sensitivity may be attributable to the 






















































































Figure 5-8. A target level dependent calibration curve obtained from intensity based 
sensing assay exposed to various target concentrations with 1 mM BSA (Error bars 
represent one standard deviations calculated from three different aliquots (n=3)). 
 
 
Additional SERS characterization was carried out using the MCs containing the 
intensity based sensing assay. Even after the encapsulation process, all the characteristic 
SERS peaks for MGITC were detected from MCs dispersed in 1× PBS solution as 
illustrated in Figure 5-9A. This means the LSPR around the Probe 1 conjugated 
nanoparticles was strong enough to selectively enhance the Raman signal of MGITC. 
Therefore, the MGITC SERS spectra could be sensed overcoming the intensity of 
randomly scattered light from PEMs. The MC sensing assay also tested to determine its 






phase assays, there was no statistically significant change in the SERS intensity for the 
various microRNA-17 target concentrations. These results were determined using a two-
tailed t-tests with 95% confidence (α=0.05) (See Figure 5-9B). Considering the diameter 
of the MCs is 4.38 µm, size may account for this loss in sensitivity as they quickly 
sedimented within the well of a 384 well plate. During the process where scattered 
Raman light is collected, the MC was not physically fixated within one focal plane. 
Thus, the SERS intensity of MGITC is dependent not only on the concentration of the 




Figure 5-9. (A) A SERS spectrum of intensity based sensing assay encapsulated in MCs. 
(B) A target level dependent calibration curve obtained from the same MCs exposed to 
various target molecule concentrations (0, 1, 10, 50, 100, and 500 nM) (Error bars 


























































5.3.5. Target sensing with ratiometric sensing assay 
To overcome the drawback of using intensity based sensing assay with MCs, a 
ratiometric based sensing assay was proposed. Reference particles, which are not 
involved in the formation of aggregates resulting from the presence of the target 
molecules, were combined with the intensity based sensing assay. The SERS intensity of 
the Raman dye (MBA) conjugated on the surface of Reference nanoparticle is unaffected 
by target concentration. The ratio of the SERS intensity of the two Raman dyes (MGITC 
and MBA) can be used as an improved indicator of target concentration. Assuming all 
the nanoparticles are uniformly distributed in the MCs, the SERS intensity ratio should 
not be affected by the migration of the MCs during the SERS measurement. To prove 
this concept, the microRNA-17 sensing at the assay level was first validated. As 
illustrated in Figure 5-10A, the MBA conjugated on the Reference nanoparticle 
produced a SERS peaks at 1075 cm-1 that can be distinguished from the SERS spectra of 
MGITC.  
All SERS spectra were normalized to the SERS intensity at 1075 cm-1 and were 
then used to evaluate aggregate formation due to the presence of microRNA-17. The 
normalized SERS intensity of MGITC increased in the presence of target molecules. A 
calibration curve was developed by relating the SERS intensity of the peak at 1617 cm-1 
(Isolated from the SERs spectra for MGITC) to the maximum intensity for the peak at 
1075 cm-1 (Isolated from the SERS spectra for MBA). The resulting calibration curve 
produced a similar bell shaped curve to the calibration curve obtained for intensity based 







Figure 5-10. (A) Normalized SERS spectra of ratiometric sensing assay exposed to 
various target molecule concentrations (0, 1, 10, 50, 100, and 500 nM) (Inset: magnified 
spectra within 1560 to 1640 cm-1 range). (B) A target level dependent calibration curve 
obtained from the same assay. As a signal for this curve the intensity of band at 1617 
cm-1 relatively to band at 1075 cm-1 was calculated (Error bars represent one standard 
deviation, calculated from three different aliquots (n=3)). 
 
 
The SERS spectra were collected for the MCs containing the ratiometric sensing 
assay. The total number of nanoparticles encapsulated in MPs was 1.20×10-12 moles. The 
spectra obtained included all the SERS vibrational bands previously observed in the 
solution phase assay (See Figure 5-11A). The SERS intensity for the band at 1617 cm-1 
was calculated relative to the band at 1075 cm-1 (I@1617/I@1075) by exposing the MCs 
to 6 different concentrations of microRNA-17 (Figure 5-11B). Unlike the solution phase 
assay, the maximum relative SERS intensity was observed with 10 nM instead of 100 
nM. Moreover, based on the two-tailed t-test (α=0.05), the relative SERS ratio was only 








































































at a target concentration of 10 nM (Hook point). Nikolai et al. found that negatively 
charged quantum dot nanoparticles adsorbed to the positively charged interior PEM MC 
through electrostatic interaction.191 In our case, it is highly expected that some of  the 
DNA oligomer conjugated nanoparticles encapsulated in the PEM MC are also deposited 
on the positively charged inner wall of the PEM MC (PDADMAC). As a result, the 
concentration of ratiometric assay in the PEM MC may be lower than that in suspension. 
Such a decrease in assay concentration after being encapsulated in the PEM MC might 




Figure 5-11. A SERS spectrum of ratiometric sensing assay encapsulated in MCs (total 
volume of nanoparticles encapsulated in MPs: 1050 µL) (A), target level dependent 
calibration curves obtained from the same type of MCs (Error bars represent one 






















































5.3.6. Target sensing with paper devices 
The use of MCs to encapsulate the ratiometric sensing assay showed a slight 
improvement in detecting the target as compared to the MCs containing the intensity 
based sensing assay. However, the ratiometric sensing assay encapsulated in MCs had a 
smaller dynamic range compared to the solution phase ratiometric sensing assay. The 
sedimentation of 30 µL of the MCs in buffer solution placed in a clear well plate was 
observed within 5 min. This might cause a huge variation in Raman signal of the 
ratiometric sensing assay overtime as seen in Figure 5-11B. Therefore, we postulate that 
the sensing capacity of MCs containing ratiometric sensing assay is affected by the 
mobile nature of the MCs in the buffer solution. To overcome this problem, the MCs can 
be immobilized in alginate matrix as described in Sections 3 and 4. However, such 
hydrogel encapsulation method was not adopted for this study since Ca2+ ion essential 
for crosslinking alginate matrix causes non-specific aggregation of microRNA sensing 
assay. Alternatively, the MCs can be immobilized onto the filter paper substrates. 
Recently, highly reliable and reproducible SERS sensing with filter paper substrates 
have been reported.192-194 Plasmonic nanoparticles can be attached uniformly with a high 
packing density onto hydrophilic paper devices.195 In our study, a paper device was used 
to fixate the MCs on a single laser focal plane during the Raman spectrum measurement. 
Initially, a raw SERS spectrum of a dried sample of MCs on the paper device but 
without target was collected. The SERS spectrum was then compared alongside the same 
MCs dispersed in 1× PBS buffer (at pH 7.40) as well as solution phase ratiometric 






ratiometric sensing assay (i.e. PEMs of MC and nitrocellulose paper) the baseline of the 




Figure 5-12. Raw SERS spectra of ratiometric sensing assay in different foam factors: 
free solution (A), MCs in buffer solution (B), and MCs prepared in a paper device (C) 10 
mW of laser power was used for the free solution and the MCs samples whereas 1 mW 
of laser power was used for the paper device). 
 
 
due to an increase of randomly scattered light created by the PEMs and nitrocellulose 



















































































the Raman fingerprints of the ratiometric sensing assay were confirmed with the paper 
device. It is important to note that the SERS intensity collected using the paper device 
was obtained using a reduced laser power (1 mW) as compared to the solution based 
samples (10 mW). Thus, the MCs that were deposited onto the paper device allowed 
more of the SERS active probes to be exposed to the excited laser as compared to the 
solution based samples. 
Target concentration dependent SERS signals were also collected from the dried 
MCs (containing ratiometric sensing assay) deposited on the paper devices. Similar to 
the MCs in solution, the Hook point of the MCs deposited on the paper devices was 
located at 10 nM (See Figure 5-13A). The results of the MCs deposited on the paper 
devices were further analyzed using a two-tailed t-test (α=0.05). Such statistical analysis 
determined that all the target concentrations tested had a relative SERS signals 
statistically significantly different from the negative control (0 nM of microRNA-17). 
This improved sensitivity compared to the MCs in solution can be attributed to immobile 
nature of the MCs with the aid of paper devices. The target sensing of MCs in the paper 
devices was also evaluated with target solution containing 1 mM BSA to mimic the 
situation of target sensing in biological complex solution. Figure 5-13B presents a bell 
shaped curve previous observed in solution phase ratiometric sensing assay. These 
results indicate that PEM MCs selectively excluded BSA molecules while the 
microRNA-17 target molecules were able to diffuse through PEM nanofilm and react 
with embedded ratiometric sensing assay. In the presence of protein molecules, the Hook 






dynamic range was increased to a range of 0 nM to 100 nM. Ladam et al. previously 
reported the interaction between human serum albumin (HAS) and polyelectrolyte 
multilayers.196 They showed the formation of albumin film on the PSS terminal layer of 
PAH/PSS polyelectrolyte multilayers. It may be suggested that albumin layers can be 
formed onto the PEM MCs in the presence of 1 mM BSA. Such an albumin layer on the 
PEM MCs can act as a diffusion barrier for the target molecules. Therefore, the change 
in the dynamic range with the addition of 1 mM BSA can be explained by the decrease 
in the diffusion rate of target molecule into MCs. Overall, the target level dependent 
nanoparticle aggregations were formed in the MCs under the presence of signal 




Figure 5-13. Target level dependent calibration curves obtained from MCs prepared in 
paper devices (without BSA (A) and with BSA (B)) (Error bars represent one standard 

















































In this work, the potential of MCs in SERS analysis for biological samples was 
demonstrated by showing the large protein molecule exclusion function of PEMs. This 
size exclusion ability of the MCs was proven with two separated approaches: direct 
SERS sensing and aggregation based SERS sensing. The first approach with direct 
SERS sensing mechanism showed that Raman signal of small Raman molecules in 
biological fluid can be selectively enhanced by plasmonic nanoparticles embedded in 
MCs. To prove viability of second approach, intensity based microRNA-17 sensing 
assay was chosen. This aggregation based SERS sensing assay yielded a bell-shaped 
calibration curve within the target concentration range of 0-500 nM. When encapsulated 
in the MCs, however, the assay lost sensitivity. The microRNA-17 sensitivity of MCs 
containing aggregation based sensing assay was significantly improved by applying 
ratiometric sensing and paper devices. Moreover, ratiometric sensing assay embedded 
MCs prepared with paper devices showed target concentration dependent relative SERS 
intensity changes even in the presence of large protein molecules. Such results suggest 
that PEM MCs provided not only size exclusion function essential for SERS sensing in 
biological samples but also vacant space necessary for aggregation based sensing assay 






6. DEVELOPMENT OF OPTIMIZED EXPERIMENTAL METHOD FOR SERS 
BASED ADENOSINE SENSING ASSAYS 
 
 Introduction 
Aggregation based nanoparticle assays are an attractive approach to sense small 
molecules since they provide exceptional sensitivity by controlling hotspot. As 
nanoparticles are aggregated, the local electromagnetic field between the nanoparticles 
are enhanced extensively. Therefore, when a Raman active small molecule is placed in 
the enhanced local electromagnetic, “hot spot”, the Raman signal of the molecule can be 
amplified by 106 to 1011.197 In addition, a controlled formation of hotspots can be 
achieved by combination of an aggregation based nanoparticle assay and the use of 
ligands such as antibodies,198-199 hybridization based oligonucleotides,179, 183 and 
aptamers.200-201 Most of the previous studies on aggregation based nanoparticle assays  
focused on developing colorimetric sensors based on irreversible nanoparticle 
aggregation.200, 202-203 However, a controlled reversible nanoparticle aggregation is 
essential for an implantable hydrogel platform and continuous monitoring.  
To achieve this, aptamer-conjugated metal nanoparticles can be encapsulated in 
microdomains distributed in hydrogel matrix. The use of aptamers as a ligand for 
aggregation based nanoparticle assay has two main advantages. Firstly, aptamers possess 
a higher chemical stability compared to antibodies, which results in longer retention of 
target sensitivity. Secondly, with the aid of systematic evolution of ligands by 






molecules including small molecules, macromolecules, and cells.205-206 This means that 
the number of detectable analytes with hydrogel based sensors can be increased 
extensively as long as analyte specific aptamers are developed. The aptamer-conjugated 
metal nanoparticles localized in a free volume of microcapsules can be reversibly 
aggregated, due to conformational change of aptamers induced by aptamer-analyte 




Figure 6-1. Schematic diagram of reversible aggregation of aptamer conjugated metal 
nanoparticles a microdomain. 
 
 
Split aptamer-based sandwich assay can be a good model assay to show 
reversible aggregation of nanoparticle assays in the microdomains. Adoption of split 






unintended conformational changes which hamper target sensitivity and selectivity.207 In 
this study, we choose adenosine sensitive split aptamers designed by Li et al. to build a 
SERS based aggregation assay.208 We also implemented several aptamer conjugation 
protocols proposed by other groups to optimize the adenosine induced hot spot 
generation.209-210 In addition, by testing multiple aptamer conjugation methods for the 
same sensing assay, we tried to explore the correlation between the analyte sensing 
performance and the selection of conjugation protocols.  
 
 Experimental section 
In order to investigate the experiment of aptamer based analyte detection, we 
choose adenosine sensing assay developed by Li et al. as a model assay.208 This assay 
utilizes two split aptamers which are divided from a single aptamer of adenosine. The 
adenosine sensing with this assay have been reproduced by other researchers such as 
Yang et al.209 and Heo et al. (Lee group).210  Initially, for aptamer conjugation, the 
protocol used for microRNA-17 sensing assay from Section 5 (Graham method) was 
adopted. Secondly, we obtained a protocol according to our understanding of the 
experimental section written by Heo et al. (Lee method). Finally, we received a modified 
protocol with more details directly from Lee group (Modified Lee method). Total four 







6.2.1. Chemicals    
Sodium citrate tribasic dihydrate, gold chloride trihydrate, 
tris(hydroxymethyl)aminomethane hydrochloride (Trizma HCl), sodium chloride 
(NaCl), tris(hydroxymethyl)aminomethane (Trizma base), sodium hydroxide (NaOH), 
tris(hydroxymethyl)aminomethane acetate salt (Trizma acetate), sodium acetate, sodium 
carbonate, sodium bicarbonate, acetic acid, tris (2-carboxyethyl) phosphine 
hydrochloride (TCEP), Dulbecco’s phosphate buffered saline (1× PBS), 
ethylenediaminetetraacetic acid (EDTA), methanol, poly(diallyldimethylammonium 
chloride) (PDADMAC, average molecular weight 100-200 kDa), poly(sodium 4-
styrenesulfonate) (PSS, average molecular weight 70 kDa), and glacial acetic acid were 
obtained from Sigma Aldrich (St. Louis, MO, USA). Ethanol (200 proof, USP), 
hydrochloric acid (HCl), and calcium chloride (CaCl2) were purchased from Decon Labs 
(King of Prussia, PA, USA). Malachite green isothiocyanate (MGITC) was obtained 
from Life Technologies (Carlsbad, CA, USA). 
 
6.2.2. Aptamers 
Three types of aptamer were used for adenosine binding study. Two of aptamers 
were split aptamers which bind to adenosine: DNA1(5’-/5ThoMC-D/poly T spacer/ACC 
TGG GGG AGT AT-3’) and DNA2 (5’-/5ThoMC-D/poly T spacer/TGC GGA GGA 
AGG T-3’). Poly T spacer was either TTT TT (T5) or TTT TTT TTT T (T10). The third 
aptamer was nonspecific aptamer (DNA3: 5’-/5ThoMC-D/TTT TTT TTT T-3’) which 






Aptamers used with Graham and Lee methods were purchased from Integrated 
DNA Technologies (Coralville, IA, USA). As received, the aptamers were suspended DI 
water at a concentration of either 100 µM (Graham method) or 1 mM (Lee method) and 
then were frozen at -20 ˚C for long term storage. Aptamers used with modified Lee 
method were obtained from Bioneer (Daejeon, South Korea). As synthesized, the 
aptamers were purified via high performance liquid chromatography (HPLC). Upon 
arrival, aptamer container was centrifuged at 10 kg for 1 sec to collect residual aptamers 
absorbed on the container wall. The pallet of aptamer at the bottom of container were 
dissolved in DI water at a concentration of 1 mM. The aptamer solution was incubated at 
90 for 1 hr to unfold aptamer stands. The incubated solution was cooled down at RT and 
then stored at 4 ˚C. 
 
6.2.3. Instrumentations 
We recorded extinction spectra via an Infinite 200 Pro microplate reader (Tecan, 
Maennerdorf, Switzerland). The solution samples for extinction measurement were 
prepared in the wells of UV clear 96 well plate (total volume of 100 µL). We collected 
SERS spectra using either a bench top Raman system (DXR Raman, Thermo Scientific, 
Waltham, MA, USA) or a held hand Raman system (IDRaman mini 2.0, Ocean Optics, 
Largo, FL, USA) equipped with a raster orbital scanning mode. Adenosine sensing 
assays for SERS measurements were injected into the wells of a 384 well plate. A 
532nm laser with a laser power of 10 mW was used for the bench top Raman system 






mW. SERS spectra with 3 sec of collection time were recorded five times and then 
averaged. 
 
6.2.4. Nanoparticle synthesis 
We synthesized gold nanoparticles (AuNPs) with two different diameters (14 and 
45 nm) using citric acid reduction method. 14 nm AuNPs were synthesized using a 
modified Frens method.211 Briefly, Aqua regia was poured in a 250 mL three neck flask 
with a triangular magnetic stirring bar. The solution was kept stirring for 5 min and then 
the flask was rinsed with DI water 10 times. 100 mL of 1 mM gold chloride trihydrate 
was placed in the cleaned three neck flask. The solution was heated with the heating 
mantle with refluxing. As soon as bubbles come out, 38.8 mM sodium citrate tribasic 
dihydrate (10 mL) was injected into the solution. After 10 min of stirring, the flask was 
taken out from the heating mantle. The solution was cooled down at RT and then stored 
at 4 ˚C. 45 nm AuNPs were synthesized using the same seed mediated method described 
in Sections 3, 4, and 5. In this study, gold nano-shell coating was stopped after 45 nm 
diameter was achieved. 
 
6.2.5. AuNP surface modification with aptamers 
6.2.5.1. Graham method 
Frozen 100 µM aptamer solution was thawed at RT for 30 min. Using a 3 kDa 
centrifugal filter solution media was changed from DI to 1× PBS at pH 8.50 as described 






in PBS was mixed with the same volume of 20 mM TCEP solution followed by 1 hr of 
incubation at RT. We removed reaction byproducts and residual TCEP by filtering 
reduced aptamer solution with the same centrifugal filter used for buffer change 
(centrifugation speed: 5000 g). The resultant aptamers were washed with DI water three 
times and then resuspended in 100 µL of 1× PBS at pH 7.40. The reduced aptamer 
solution was heated in the water bath (90 ˚C) for 5 min to stretch folded aptamer strands.  
In this work, two sets of adenosine sensing assay were prepared: one with 
nonspecific aptamer (DNA3) and the other without DNA3. 1 mL of citric acid capped 
AuNPs (citric acid-AuNPs) were transferred in a glass vial and further mixed with 
reduced adenosine sensitive split aptamers (either DNA1 or DNA2) at a molar ratio of 
1:200. For the adenosine sensing assay with nonspecific aptamers, the same moles of 
DNA3 aptamers were added to the mixture of citric acid-AuNPs and split aptamers. The 
mixture was shaken for 1hr and then incubated in a dark room overnight. To increase the 
efficiency of aptamer chemisorption on the AuNP surface, 20 µL of 0.2 M sodium 
citrate tribasic solution at pH 3.00 were added into the incubated solution 3 times 
followed by 20 min of shaking. The nanoparticles were washed with 1× PBS at pH 7.40 
via three consecutive centrifugations (16.0 kg for 15 min). The final agglomerates 
composed of aptamer capped AuNPs were dispersed in 1 mL of buffer (either 1× PBS at 







6.2.5.2. Lee method 
We thawed 1 mM aptamer solutions at RT for 30 min. In a 15 mL centrifuge 
tube, 1mM adenosine sensitive split aptamers in DI (9 µL) were mixed with 0.5 M 
sodium acetate buffer at pH 5.20 (1 µL). Into the mixture, 3 µL of 10 mM TCEP 
solution was added and the mixture was further incubated for 1 hr to activate the dithiol 
groups in the aptamers. 3 mL of 14 nm citric acid- AuNPs was dropped into the mixture 
slowly, yielding a molar ratio of citric acid-AuNPs to aptamers as 1:231. The solution 
was stored at RT in the dark overnight. 100 µL of 1 M NaCl solution was added into the 
solution three times followed by 10 sec of sonication. The solution kept in the dark room 
for 24 hr. Final aptamer conjugated AuNPs were cleaned as mentioned in Graham 
method and then redispersed in 25 mM Tris acetate buffers. 
 
6.2.5.3. Modified Lee method 
The method that we are describing in this section is an updated aptamer 
conjugation protocol provided from Lee group. This method contains more experimental 
details and knowhows, which are quite difficult to be delivered through a research paper. 
Apart from unique aptamer preparation step, chemicals such as buffer solutions were 
specially prepared. The pH of sodium acetate buffer solution was titrated only with 
acetic acid. Tris acetate buffer mentioned in their paper was tris buffer solution titrated 
by acetic acid. The other vague experimental details from the paper was salt treatment. 
Before the injection of 1M NaCl solution, 30 µL of 0.5 M Tris buffer at pH 8.20 was 






solution was sonicated for 10 sec. After this Tris buffer addition, the solution was further 
treated with 1 M NaCl as described in Lee method but there was 20 min of time interval 
between the salt injections. 
 
6.2.6. AuNP surface modification with Raman dyes 
AuNPs conjugated with DNA2 prepared using modified Lee method were 
labeled with MGITC. Briefly, methanolic 10 µM MGITC solution was mixed with 
DNA2 conjugated AuNPs (1 mL) at molar ratios of 1:250 and 1:500 (AuNP to MGITC). 
The mixture was immediately shaken for 1 hr in a glass vial. To sperate residual 
methanol and excess MGITC, we washed the nanoparticles three times with DI water via 
centrifugation and redispersion steps. 
 
6.2.7. Adenosine binding test 
In case of analyte binding test for Graham, and Lee methods, 45 µL of DNA1 
conjugated AuNPs were mixed with the same volume of DNA2 conjugated AuNPs in a 
well of a 96 well UV clear well plate. 10 µL of adenosine stock solution (0, 0.1, 0.5, 1, 
5, 10, 25, and 50 mM) was added in to the solution. The mixture was pipetted multiple 
times in the well and then incubated for 1 hr. For adenosine binding test with the assay 
prepared with modified Lee method, DNA1 conjugated AuNPs (90 µL) were mixed with 
DNA2 conjugated AuNPs (90 µL) in a glass vial. After adding 20 µL of adenosine stock 








6.3.1. Characterization of citric acid-AuNPs 
Two batches of citric acid-AuNPs were synthesized using two different methods: 
Frens method and seed mediated method. UV-Vis was utilized to determine their sizes 
and concentrations. Blue and red spectra in Figure 6-2 were recorded from citric acid-
AuNPs synthesized using Frens method and seed mediated method, respectively. The 
SPR peaks for samples prepared using Frens method and seed mediated method were 
found at 518.5 and 525 nm, respectively. Based on the same size estimation method used 
in Sections 3 and 4, diameters of AuNPs synthesized using Frens method and seed 
mediated method were estimated as 14 and 45 nm, respectively. The extinction 
coefficients at 450 nm used for AuNP concentration calculation were 1.76×108 and 
7.13×109 M-1cm-1 for 14 and 45 nm citric acid-AuNPs, respectively. Using Beer’s law, 







































Figure 6-2. UV-vis spectra of citric acid-AuNPs synthesized with Frens (Blue curve) 
and seed meditated methods (Red curve). 
 
 
6.3.2. Adenosine binding test with the samples prepared with Graham method 
For this study 14 nm AuNPs were conjugated with adenosine sensitive aptamer 
fragments (DNA1 or DNA2) to construct a sandwich assay. Resultant AuNPs were 
further conjugated with DNA3 to improve colloidal stability. In the presence of 
adenosine, structural changes of aptamers induced the formation of aggregation between 
AuNPs conjugated with DNA1/DNA3 (DNA1/DNA3-AuNPs) and AuNPs conjugated 
with DNA2/DNA3 (DNA2/DNA3-AuNPs). Such interparticle distance change 
influences the optical properties of the adenosine sensing assay. For example, SPR peak 
is red shifted as the interparticle distance decreases. In addition, extinction in the 







As shown in Figure 6-3A, the change of extinction spectrum was not observed 
when the mixture of DNA1/DNA3-AuNPs and DNA2/DNA3-AuNPs were exposed to 
various concentrations of adenosine (0 - 1 mM) in 1× PBS at pH 7.4. Even though we 
incubated the adenosine sensing assays with target molecules 30 min longer (total 1hr) 
than what Li et al. showed, the nanoparticle aggregation due to adenosine binding was 
not discernible from extinction spectra. In order to quantitatively evaluate adenosine 
concentration dependent nanoparticle aggregation, we calculated the ratio of extinction 
at 650 nm to extinction at SPR peak (A@650/A@SPR). The more degree of aggregation 
due to adenosine binding, the more A@650/A@SPR. Li et al. reported that the 
A@650/A@SPR increased approximately from 0.10 to 0.28 when adenosine 
concentration was varied from 0 to 1 mM. However, our results did not show any 
significant extinction ratio changes from a negative control (the extinction ratio at 0 








Figure 6-3. (A) UV-vis spectra of adenosine sensing assay composed of DNA1/DNA3-
AuNPs and DNA2/DNA3-AuNPs as a function of adenosine concentration (0 - 1 mM). 




To improve adenosine sensitivity, we varied several important experimental 
factors. Firstly, we prepared adenosine sensing assays with 25 mM Tris buffer at pH 
8.20 containing 300 mM NaCl following Li et al.’s protocol (Figure 6-4 A and B). 
Secondly, the adenosine sensing assays were synthesized omitting aptamer unfolding 
step which Li et al. did not perform. Such adenosine assay was dispersed in Tris buffer 
solution and tested with different adenosine concentrations to study how additional 
heating process (unfolding) affects adenosine sensitivity (Figure 6-4 C and D). Lastly, 
nonspecific aptamers (DNA3) were removed from adenosine sensing assays  
to decrease surface charge of nanoparticle probes (Figure 6-4 E and F). We postulate that 
reduced electrostatic repulsion between two adenosine sensitive AuNPs facilitates the 
formation of nanoparticle aggregation. However, any of these experimental variables did 




























































Figure 6-4. Comparison of UV-Vis spectra and adenosine concentration dependent 






































































































































































6.3.3. Adenosine binding test with the samples prepared with Lee method 
The adenosine sensing with the assay prepared with 10T linker based aptamers 
using Lee method showed a similar target insensitive trend compared to our previous 
trials. As described in Figure 6-5, when adenosine concentration was increased from 0 to 
5 mM, SPR peak was shifted from 524 to 526 nm. The range of A@650/A@SPR within 
tested adenosine concentrations (the extinction ratio difference between minimum and 
maximum target concentrations) was 0.011, which was not significantly different from 
the adenosine sensing data with other synthesis methods. 
 
   
 
Figure 6-5. UV-Vis spectra (A) and a calibration curve (B) of adenosine sensing assays 























































To further investigate the effect of aptamer linker length on target sensitivity, we 
reduced the length of aptamer linker from 10T to 5T. Moreover, Lee group also used 5T 
linkers rather than 10T linkers for their aptamer assay design. The reduced linker length 
can decrease the degree of steric hindrance of adenosine sensitive AuNPs. When the 
adenosine sensitive AuNPs form aggregates in the presence of target molecules, they 
need to overcome steric hinderance which acts as interparticle repulsive force.213 
Therefore, the adenosine sensitivity can be ameliorated by reducing aptamer linker 
length. Figure 6-6A exhibits slight spectral changes with an increase in target 
concentration. The SPR peak location was redshifted by 5 nm with 5 mM adenosine 
compared to a negative control. The extinction of 600 - 700 nm was also slightly 
elevated, indicating the formation of AuNP aggregates. In addition, we observed an 
upward trend in A@650/A@SPR as adenosine concentration was increased (Figure 6-
6B). The range of A@650/A@SPR for the adenosine sensing assays prepared with 5T 
aptamer linkers (0.023) was approximately twice as high as that for the adenosine 
sensing assays prepared with 10 T aptamer linkers. Such improved adenosine sensitivity 
achieved with Lee method was higher than any other methods used in this study. 
Nevertheless, we still could not reproduce the highly sensitive adenosine sensing data 







Figure 6-6. UV-Vis spectra (A) and a calibration curve (B) of adenosine sensing assays 
prepared with 5T linkers using Lee method. 
 
 
6.3.4. Adenosine binding test with the samples prepared with modified Lee method 
Compared to original citric acid-AuNPs, SPR peaks for both DNA1-AuNPs and 
DNA2-AuNPs were redshifted by 3 nm (See Figure 6-7), indicating the success of 
aptamer conjugation on the AuNP surface using modified Lee method. DNA1-AuNPs 
and DNA2-AuNPs were kept colloidal stability, even after dispersed in buffer containing 





























































































Figure 6-7. UV-vis spectra of DNA1-AuNPs and DNA2-AuNPs dispersed in 25 mM 
Tris buffer containing 300 mM NaCl at pH 8.2. 
 
 
Following the colloidal stability test, we also characterized adenosine sensing 
assays prepared using modified Lee method to test the efficacy of adenosine sensing. 
Figure 6-8A exhibits clear extinction changes as a function of adenosine concentration. 
A 6 nm red shift was detected for the SPR peak at 5 mM adenosine compared to that at 0 
mM adenosine. Apart from the SPR red shift, adenosine induced nanoparticle 
aggregation was also confirmed with the increase in A@650/A@SPR (Figure 6-8B). 
The range of A@650/A@SPR for the samples prepared using the modified Lee method 
(0.056) was about 2.4 times higher than that for the samples prepared using Lee method. 
The adenosine sensitivity of modified Lee method was superior to any other 







Figure 6-8. UV-Vis spectra (A) and a calibration curve (B) of adenosine sensing assays 
prepared using modified Lee method. The assays were incubated with three different 
adenosine concentrations at 18 ˚C. 
 
 
Previously, Lee group showed the temperature dependency on adenosine 
sensitivity. The adenosine sensing assays totally lost their target sensitivity when the 
incubation temperature was lowered from RT to 4 ˚C. They asserted that temperature is 
an important parameter which governs the kinetics of adenosine binding. We speculated 
that the inconsistency in the results difference between our group and Lee group can be 
related to the incubation temperature difference. To test if incubation temperature played 
a role in adenosine sensing, we measured the temperatures at both group’s labs. The 
temperatures of our lab and Lee group’s lab were 18 and 29 ˚C, respectively. Therefore, 
we repeated adenosine binding test by incubating samples at 29 ˚C using convection 

























































observed a significant AuNP color change from red to purple. The increase in incubation 
temperature resulted in the improvement of adenosine sensitivity as depicted in Figure 6-
9. However, we could still not achieve the same adenosine sensitivity which Lee group 
reported. This finding suggests that there were experimentally uncontrollable variables 




Figure 6-9. UV-Vis spectra (A) and a calibration curve (B) of adenosine sensing assays 
prepared using modified Lee method. The assays were incubated with three different 
adenosine concentrations at 29 ˚C. 
 
 
The feasibility of reversible adenosine sensing was also studied with the 
adenosine sensing assays prepared with modified Lee method. The adenosine sensing 























































Subsequently, the assay was heated at 75 ˚C for 3 min to break down the AuNP 
aggregates. The heated assay was washed with 25 mM Tris buffer and then redispersed 
in the same buffer. Initially, we monitored the change of SPR peak for each step. After 
the assay was exposed to 5 mM adenosine, SPR peak was redshifted from 524 to 533 nm 
(See Figure 6-10A), which indicates the formation of AuNP aggregation. When the 
AuNP aggregates were heated, we observed a 3 nm blue shift. Contrary to our 
expectation, SPR peak did not fully come back to 524 nm (SPR peak for control) after 
heat treatment. This indicates that heat associated conformational changes of aptamer 
did not significantly affect the aggregation state of AuNPs. We suggest that the heat 
treatment resulted only in breaking down hydrogen bonds between DNA1 and DNA2 
whereas adenosines bound between DNA1 and DNA2. Therefore, DNA1-AuNPs and 
DNA2-AuNPs still form AuNP aggregates due to residual adenosines. Interestingly, as 
the heated AuNP aggregates were washed with Tris buffer, SPR peak was further blue 
shifted to 524 nm (Blue curve in Figure 6-10A), indicating that AuNP aggregates were 
fully de-aggregated while washing. The robust detachment of analyte from aptamer 
binding sites can be explained by the huge chemical potential change due to the washing 








Figure 6-10. Reversible aggregation of adenosine sensing assay monitored by UV-Vis 
(A) and relative extinction ratio (B). 
 
 
 We also tried to demonstrate SERS based adenosine sensing by slightly 
modifying the adenosine sensing assay prepared using the modified Lee method. To 
induce analyte concentration dependent SERS signals, we conjugated MGITC to DNA2-
AuNPs. The molar ratio of AuNP to MGITC was varied from 1:250 to 1:500. As 
depicted in Figure 6-11, no SPR peak shift was detected upon MGITC conjugation. 
However, a shoulder peak appeared approximately at 630 nm for both molar ratios. We 
attribute the presence of shoulder peak to MGITC on AuNP surface since the shoulder 
peak location was matched with the peak location of MGITC extinction spectrum.214 
MGITC conjugation on AuNPs with 1:250 did not affect the extinction of DNA2-
AuNPs. Nevertheless, with 1:500 molar ratio of DNA2-AuNP to MGITC, we observed a 

























































strong evidence of nonspecific AuNP aggregation formation. Consequently, we chose 



































Figure 6-11. UV-vis spectra of DNA2-AuNPs MGITC conjugated DNA2-AuNPs with 
two different molar ratios of DNA2-AuNP to MGITC. 
 
 
To investigate the correlation between MGITC conjugation to DNA2-AuNPs and 
adenosine sensitivity, adenosine sensing assays composed of DNA1-AuNPs and DNA2-
MGITC-AuNPs were further tested with three different adenosine concentrations (0, 1, 
and 5 mM) with UV-Vis. Figure 6-12A exhibits adenosine concentration dependent 
extinction changes, indicating that aggregation formation due to adenosine-aptamer 






range of A@650/A@SPR for adenosine sensing assay was slightly elevated after DNA2-




Figure 6-12. UV-Vis spectra (A) and a calibration curve (B) of adenosine sensing assays 
composed of DNA1-AuNPs and DNA2-MGITC-AuNPs. 
 
 
We evaluated target level dependent AuNP aggregation using a hand held Raman 
system. Regardless of target concentration, SERS signal of adenosine sensing assay 
exhibited all characteristic SERS bands of MGITC as shown in Figure 6-13A. This 
means that even dispersed DNA2-MGITC-AuNPs were able to enhance Raman 
scattering of MGITC with their LSPR. To quantify the SERS signal changes as a 
function of target concentration, we constructed a calibration curve by plotting SERS 

























































intensities at 1 and 5 mM were compared with a negative control (SERS intensity at 0 
mM). According to two tailed t-test (α=0.05), SERS intensities at both target 




Figure 6-13. (A) SERS spectra of adenosine sensing assays at different adenosine 
concentrations. (B) A calibration curve of target level dependent SERS intensity at 1616 




Krpetic et al. reported that the change in SERS intensity of sandwich assay is 
influenced by nanoparticle size.215 Similar to our SERS results, the authors did not 
observe any significant increase in SERS intensity from their SERS based sandwich with 
14 nm AuNPs. However, they were able to achieve a much higher SERS sensitivity by 


























































nanoparticle size dependence on gap plasmon resonance (GPR). With the fixed 
interparticle gap, GPR is more redshifted as nanoparticle size increases. The larger GPR 
peak location, the higher SERS enhancement. 
To improve SERS sensitivity of adenosine sensing assay we also adopted 45 nm 
AuNPs. Initially, we prepared MGITC free adenosine sensing assays with 45 nm AuNPs 
to investigate the effect of nanoparticle size on extinction spectrum. As shown in Figure 
6-14A, adenosine sensing assays using 45 nm AuNPs provided better performance in 
terms of extinction spectral changes than the same assays using 14 nm AuNPs. The 
range of A@650/A@SPR for adenosine sensing assay was doubled by increasing 
nanoparticle size from 14 to 45 nm (Figure 6-14B). However, as MGITC was combined 
with adenosine sensing assay using 45 nm AuNPs, the sensitivity of adenosine sensing 
assay was dramatically diminished (See Figure 6-15).  
In case of SERS based adenosine sensing, the sensitivity was significantly 
improved by substituting 45 nm AuNPs for 14 nm ones (See Figure 6-16). A linear trend 
was observed in SERS intensity increase as a function of adenosine concentration. All 
tested adenosine concentrations showed statistically meaningful SERS intensity 







Figure 6-14. UV-Vis spectra (A) and a calibration curve (B) of MGITC free adenosine 




Figure 6-15. UV-Vis spectra (A) and a calibration curve (B) of adenosine sensing assay 















































































































Figure 6-16. (A) SERS spectra of adenosine sensing assays using 45 nm AuNPs at 
different adenosine concentrations. (B) A calibration curve of target level dependent 
SERS intensity at 1616 cm-1 (Error bars represent one standard deviations calculated 




 Adenosine sensing based on nanoparticle aggregations with split aptamers was 
tried by following several protocols that were reported in the experimental sections of 
multiple published journal papers. However, significant adenosine induced nanoparticle 
aggregation was achieved only with the detailed experimental method directly provided 
from the author (Lee group) who recently reported nanoparticle based adenosine 
sensing. This indicates that the experimental details reported in most of the published 
works for aptamer based nanoparticle assays cannot be easily reproduced by other 
research groups. We also transformed the colorimetric adenosine sensing assay 


























































attaching a Raman active dye on the surface of aptamer conjugated nanoparticles. Future 
work will be focused on encapsulating this SERS active adenosine sensing assay in 







7. CONCLUSIONS AND FUTURE WORKS 
 
 In this work, a novel SERS based hydrogel sensor was developed using modular 
microdomains. As a proof of concept, pH-sensitive SERS reporters (MBA-AuNPs) were 
encapsulated in polyelectrolyte multilayer microcapsules dispersed in alginate hydrogel 
matrix. Successful encapsulation of MBA-AuNPs in the microcapsules were confirmed 
with several material characterization tools such as SEM, EDS, and darkfield 
microscopy. Moreover, the number of gold nanoparticles per microcapsule was 
estimated to be 1373 per capsule. This was determined by a new proposed quantification 
analysis method developed by the combination of SEM, XRD, and INAA data. The pH 
sensitive Raman signal of the MBA-AuNPs were successfully detected overcoming 
random scatterings from hydrogel matrix and polymeric microcapsules materials. The 
SERS based pH sensing with these hydrogels was fully reversible showing a sigmoidal 
response curve for ratiometric intensity changes at 1430 and 1078cm-1, respectively. The 
analytical range was pH 4.43-8.07 (pKa~5.80) with an average sensitivity of 0.07 pH-1. 
To assess the potential for sensing enzymatic substrates, hydrogels were prepared with 
the MBA-AuNPs co-encapsulated with glucose oxidase. Raman spectra recorded from 
hydrogels exposed to physiological glucose levels (0-400 mg/dL) exhibited apparent 
trends of decreasing pH from pH ~6.50 to pH ~4.50 due to glucose oxidization within 
the microdomains. The glucose diffusion into the capsules was controlled by 






adjust the balance of oxygen and glucose flux into the microcavities, yielding a tunable 
sensitivity of the glucose-proportional change at steady-state pH. 
We incorporated pH sensitive and oxygen sensitive microdomains into a single 
alginate hydrogel that could be interrogated via SERS and phosphorescent lifetime 
optical modalities respectively to develop multimodal-mulitanalyte sensing hydrogel 
sensors. Microdomains consisted of discrete polyelectrolyte multilayer microcapsules 
that encapsulated MBA-AuNPs and oxygen sensitive benzoporphyrin dyes separately. 
The polyelectrolyte multilayer nanofilms fabricated through LbL were effective at 
minimizing optical interferences by spatially separating optical probes. Although the 
microdomain embedded hydrogels containing both SERS and phosphorescence lifetime 
probes (dual modal sensing hydrogel) presented a huge luminescence background, a pH 
sensitive SERS signal was distinguishable for all tested pH conditions. Comparison of 
the dual mode sensor’s ability to track pH and oxygen showed no statistically significant 
difference when compared to separate standalone single mode pH or oxygen sensors. In 
addition, redundant glucose sensing through dual modalities was demonstrated by 
chemically crosslinking glucose oxidase in the alginate matrix of dual modal sensing 
hydrogel. Each optical mode showed a signal change proportional to glucose 
concentration with an opposite signal directionality. We also confirmed the full 
reversibility of glucose sensing by exposing glucose sensing hydrogels sequentially to 
two extreme glucose levels (0 and 400 mg/dL). These results support the feasibility of a 
dual modal sensing approach for continuous glucose monitoring with improved 






To demonstrate a practical continuous glucose monitoring with the dual modal 
hydrogels, SERS based pH sensing also needs to be performed dynamically similar to 
phosphorescence lifetime based oxygen sensing. The SERS based pH sensing data 
exhibited in this work was collected under static conditions. Future work should focus 
on developing a flow cell system with a portable Raman system to evaluate the materials 
continuously. Based on dynamic SERS based pH sensing data, enzymatic reaction in the 
materials can be tuned to achieve desired sensitivity and dynamic range. Eventually, the 
portable Raman system needs to be combined with a pre-existing portable 
phosphorescence lifetime system to obtain redundant measurements for continuous 
glucose monitoring with an error checking function. 
For the future in vivo applications of this study, alginate hydrogel matrix can be 
substituted with other biocompatible hydrogel materials to minimize a potential host 
response. To select optimal materials, following three requirements should be satisfied: 
(1) low Raman scattering cross-section, (2) anti-fouling property, and (3) good 
diffusivity of analytes such as glucose and oxygen. For the purpose of in vivo SERS 
sensing, an implant sensor is located at a few mm from the skin surface. To increase the 
SNR of SERS sensing through the skin tissue, spherical nanoparticles can be replaced by 
other nanoparticles with different shapes which provide a much higher SERS 
enhancement factor. In regards to instrumentation, spatially offset Raman spectroscopy 
(SORS) could also be adopted to achieve a better SNR.216 
The encapsulation of aggregation based SERS assay in microcapsules was 






increase number of detectable analytes since several functional group (i.e. hybridization 
based DNAs/RNAs, aptamers, and antibodies) can be applied to this assay. The 
encapsulation of hybridization based microRNA-17 sensing assay was evaluated directly 
using microcapsules rather than using hydrogel containing encapsulated microcapsules. 
This was done owing to the fact that the presence of calcium ions in the alginate 
hydrogel can induce non-specific aggregation of the assay. The encapsulated 
microRNA-17 sensing assay using microcapsules exhibited target level dependent SERS 
signal changes. This indicated that controlled aggregation of nanoparticles proportional 
to target concentration can be achieved in the microdomains. In addition, the 
microcapsules containing the microRNA-17 sensing assay showed a target sensitivity 
even in the presence of large protein molecules which has the potential to induce non-
specific nanoparticle aggregation. This indicated that polymeric microcapsules 
selectively excluded the large protein molecules allowing small analytes diffuse into the 
microdomains. As a future work, the microRNA-17 sensing MCs should be embedded 
into biocompatible hydrogels whose composition and synthesis method do not induce 
non-specific aggregation. After proper selection of hydrogel, this assay can be tested in a 
flow through system to show the concept of continuous analyte sensing through 
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